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ABSTRACT
The delamination of two commercially important, but markedly 
different polymer coatings from cathodically protected mild steel 
have been investigated by a small area a c impedance technique.
Corrosion induced delamination has also been studied by large area 
in situ ac impedance analysis.
It is concluded that the single property, which determines 
the kinetics of delamination and the type of failure mode is the 
coatings permeability to oxygen and the cation. This single property 
will determine whether or not conditions of high alkalinity can be 
achieved at the interface constituted by the polymer and the oxide.
This in turn will determine whether dissolution of the oxide can 
occur. Evidence of ionic migration through the thin (20-50 pm) 
polybutadiene coating has been found. No such evidence has been 
found, however, in the case of thick (200-800 ym) epoxy coatings.
In the light of surface science findings, (2,111,112,146) it was 
concluded that in the first case the predominant mechanism of failure 
is that of oxide dissolution, although coating degradation cannot 
be ruled out, whereas in the latter, it is that of the interfacial 
(adhesive) failure, which it is believed is bond strength dependent.
The high pH generated by the cathodic reaction at the polymer/ 
metal oxide interface will produce a permanent increase in the dielectric 
constant of the polymer in the immediate vicinity, so long as the 
polymer is sensitive to the hydroxyl ion and the external solution 
remains neutral or slightly alkaline. The progress of delamination 
could therefore be followed using the small area impedance measure­
ments in the polybutadiene/steel system, which was found to be 
sensitive to the hydroxyl ion. However, this was not possible in the
(ii)
epoxy system as this polymer displayed no such sensitivity. Thus 
the two properties, which determine whether the progress of coatings 
delamination from metallic substrate can be followed are, firstly 
the coatings sensitivity to the hydroxyl ion and secondly whether 
the polymer system in question allows the build up of a high pH 
to take place.
The characteristic steady linear increase in the capacitance 
and/or dielectric constant-time curves of polybutadiene/steel system, 
after its penetration by a conducting phase, has been attributed to 
the build up of alkalinity in the corrosion induced delaminated 
areas. It was concluded that such behaviour is a caution signal 
that the polymer/metal bond is suffering deterioration.
The dielectric constant-time measurements in the initial stages 
of exposure to the electrolyte have been found useful in assessing 
the homogeniety of the polymer coating.
A comprehensive appraisal as to the suitability of the ac 
impedance technique for studies of this nature has also been carried 
out.
(iii)
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1I. INTRODUCTION
Well known methods such as design, materials selection, 
environmental control and electrochemical protection used for 
combatting corrosion are clearly seen, in many instances, to be 
more expensive, unsuitable or less efficient than the use of organic 
coatings. It is fojr these reasons that organic coatings found wide­
spread application in the automotive,appliance and food industries 
and large engineering projects such as ship-building, off-shore oil 
rigs and gas transmission pipelines. It is needless to say that in 
such expensive large scale engineering projects the coating must 
provide corrosion resistance for a very long time. There are many 
examples, however, where coatings do not live up to their expectations 
and corrosion protection is lost prematurely.
The corrosion of painted metals is an area of Materials Science 
which received considerable attention since the 1950s. Electrical 
measurements have been widely used to study coatings performance in 
an actual service situation and various spectroscopic techniques were 
utilised to gain information about the interface chemistry of coatings 
delamination. LEIDHEISER (1), recently in a review paper on the 
subject, discussed seven distinct types of corrosion and corrosion 
related processes. Such fundamental research using novel and improved 
techniques must continue if the gulf between corrosion science and 
the technology of paint formulation is to be bridged. This is vital 
if organic coatings are expected to remain in the forefront of anti­
corrosion developments.
Corrosion of coated metals and especially the phonomenon of 
cathodic disbondment.are areas of research which have been studied 
closely in this department for a number of years, using surface 
analysis techniques such as Electron Spectroscopy for Chemical 
Analysis (ESCA) and Auger Electron Spectroscopy (AES). WATTS (2) 
carried out work on powder epoxy /mild steel and polybutadiene/ 
mild steel systems in his effort to elucidate the mechanisms 
involved in the cathodic disbondment of these polymer films.
However, while the approach of utilising surface analysis techniques 
in coatings research is perfectly valid it may come under three 
criticisms from the point of view of an industrialist:
i) While they are very powerful experimental techniques in
their own right, the expense of the equipment and the specialised 
training needed to operate the equipment restricts their use 
to only a few laboratories, 
ii) The techniques can only handle samples of suitable size,
which in many cases means that the technique is a destructive 
one...
iii) It is a vacuum technique and therefore the prevailing
chemistry may be changed when the sample is removed from the 
aqueous environment.
An experimental approach, which makes use of relatively inexpensive 
equipment involves the use of either DC or AC electrical and electro-t
chemical methods. Over the past thirty years a variety of experimental 
results have been reported involving coatings and electrical measurements. 
Although electrical measurements have yet to gain acceptance as a 
method for coatings evaluation, the literature indicates that such 
measurements are a useful approach worthy of continued development5.
3The work in this thesis utilises an electrical technique called 
an Alternating Current Impedance technique, which is undergoing a 
revival, because of the ready availability of microcomputers in the 
laboratory and electronic improvements in the instrumentation itself. 
This technique offers tremendous advantages over the conventional 
DC methods when used to investigate modern coatings of high impedance 
such as for example the powder.epoxy coatings used to protect the 
gas transmission lines of this country. Furthermore it enables the 
researcher to obtain information in one experiment about the barrier 
properties of the coating itself and the condition of the coating- 
substrate interface, thus providing him with a more fundamental picture 
of the systems behaviour.
The technique provides in situ data complementary to that 
obtained by surface analysis and hence can be used to confirm earlier 
findings by WATTS (2). This thesis thus concerns the use of AC 
impedance as a direct in situ technique to follow the separation of 
a coating from steel with special attention to those systems,which 
have already been well characterised by surface analysis.
42. LITERATURE SURVEY
2.1 INTRODUCTION
Organic coatings protect metals from corrosion primarily by two 
mechanisms:
i) Serving as a barrier for the reactants water, ions and 
oxygen.
ii) Serving as a reservoir for corrosion inhibitors that assist 
the surface in resisting attack.
The barrier effect of a coating is lost as soon as it is penetrated 
by water, ions and oxygen right to the surface of the metal. Corrosion 
of the substrate metal can then begin, since at this stage the 
electrochemical circuit is completed. The water with dissolved ions 
provides the necessary electrolytic conductor, whereas the oxygen 
provides the necessary cathodic reaction. A tremendous amount of 
research was carried out using numerous techniques to measure such 
fundamental physical properties of organic coatings as permeability 
and diffusion rates of water, ions and oxygen through polymer films 
(3,4,5,6), but to use these as an indicator of corrosion it is necessary 
to know the role of the permeating species in the corrosion rate- 
determining step, information which is not normally available.
The arrival of water at the polymer-metal interface and the 
subsequent corrosion can adversely affect the adhesion of
the organic coating to the metal. A very popular empirical test method
widely used in industry is the salt spray test (7,8). In this test
the coatings performance is expressed as the distance of paint
delamination from an intentional defect after a given time. Use of 
such accelerated tests suffer from the criticism that the severe 
environments created in the laboratory yield empirical and highly 
subjective results, which can be related to practice only by reference to 
previous experience.
5Recent years have seen rapid growth in the use and application 
to industrial problems of surface analysis techniques such as X-ray 
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES).
r
Careful use of these techniques has given greater insight into the 
adhesion of organic coatings to metal substrates (9,10).
By far the largest group of test methods used in fundamental 
studies and practical testing of coatings on metals have been based on 
electrical and electrochemical methods. These have been recently 
reviewed by LEIDHEISER (11) and W0LSTENH0LME (12). This is not 
surprising as the corrosion process is by very definition electro­
chemical in nature. Most of these tehcniques have been used for 
monitoring purposes, where the monitored electrical quality is 
compared with the visible condition of the sample. It goes without 
saying that such data is vital when one comes to postulate the 
possible mechanisms leading to the breakdown and corrosion of coating/ 
metal/electrolyte sys terns.
It is the purpose of this chapter to review the relevant literature 
paying particular attention to the work done using electrical and 
electrochemical techniques and the phenomenon of cathodic disbondment. 
The chapter will be then extended to discuss the conclusions which 
can be drawn from the literature survey, before going onto a section 
dealing with the objectives set out in this thesis.
2.2 DIRECT CURRENT MEASUREMENTS ' :
It is generally accepted that most coatings are so permeable to 
water and oxygen that the diffusion of these species through the 
film cannot be rate controlling, and ionic transport through the 
coating is more important (13). However, FUNKE and co-workers (14)
6have shown that for certain systems the oxygen permeability:of the 
film may be the rate-determining step in rusting at the coating/ 
metal interface. It was expected that the value of the electrical 
resistance (ionic resistance) measured through the coating would be 
more directly related to the barrier properties of the polymer films, 
that is the porosity (macroscopic and microscopic) of the coating and 
that these values would be a good indication of corrosion rates at 
the coating/metal interface.
Direct Current measurements have been applied to both polymer 
coated metal electrodes and free polymer films. In the case of polymer 
coated metals the majority of these methods have involved making the 
coated metal one electrode (usually the anode) in a cell containing a 
second electrode of a different material, and an electrolyte, usually 
of high conductivity. Some workers (15), however, have used arrangements 
where both electrodes were polymer coated metals.
WIRTH (16) has obtained current density/time curves. Other 
workers (17,18) have measured the DC resistance and calculated the 
current from the resistance measurements. BACON, SMITH and RUGG (19) 
measured the DC resistance of over 300 organic coatings as a function
of exposure time to sea water. Coatings having a resistance greater
2 . than 1 G ohm cm were found to provide corrosion protection, while
2those which developed resistance below 1 M ohm cm during exposure 
did not provide corrosion protection. In addition, prediction of 
coatings merit made from short-term resistance measurement corresponded 
with visual corrosion ratings made after long term laboratory exposure 
of samples.
When measurements were made on free polymer film they were 
sandwiched between two compartments to form a suitable cell. Both 
compartments of the cell were filled with the same solution and suitable 
electrodes fitted into each of the limbs. In all casds the cells 
were connected in series with a known resistance and a potential 
usually of 1 volt applied to the combination. Measurement of the 
potential drop across the standard resistance was all that was 
needed to determine films resistance and the current flowing through 
the coating.
MAYNE and co-workers (20) measured the DC resistance of free 
polymer films and polymer coated electrodes. They carried out 
experiments on polymers such as alkyd , tung oil, modified phenol 
formaldehyde and amine cured epoxide systems. In all cases they 
found areas in the polymer films, which exhibited two distinct types 
of behaviour. Direct (D) type of behaviour was exhibited by those 
areas in the polymer where the resistance was found to decrease as 
the ionic activity of the electrolyteincreased, whereas the Indirect 
(I) type behaviour xvas found in areas whose resistance increased.
This electrical behaviour of (D) and (I) films is shown in Figure 2.1 
Microhardness measurements showed that (D) type areas consisted of 
both (D) and (I) types, whereas the (I) type was free from (D) areas.
They also found that water uptakes of (D) areas were higher than 
for the (I) type areas. The differences in resistance properties 
within a single film were attributed to the heterogeneous nature of 
the cured film brought about by local differences in cross-linking 
density.
MAY.NE and MILLS (21) carried out resistance measurements of 
epoxy coatings, which were removed from the substrate after prolonged 
exposure to electrolytes. They found resistance values of 100 to
8Fig. 2.1 Relationship between solution concentration and 
resistance of (I) and (D) type films (20).
2 .1000 M ohm cm in areas under which no corrosion was observed, whereas
2m.the areas of corrosion much lower values of 1 to 10 M ohmcm 
were measured. These values agree with the earlier findings of 
BACON, SMITH and RUGG (19).
2.3 ELECTROCHEMICAL MEASUREMENT
2.3.1 INTRODUCTION
Corrosion studies with the advent of the potentiostat/galvanostat 
(in the 1940s) have seen a growing use of polarisation curves. Under 
ideal conditions the measured polarisation curve can give quantitative 
information, which can be used to calculate the corrosion rate
9of the metal (22). It was expected that an'electrochemical measure­
ment applied to a coating metal system would be more directly related 
to the corrosion processes occurring at the coating metal interface.
Polarisation curves of coated metals require, however, careful 
interpretation, because the high-resistance of the paint films 
will introduce an ohmic drop, x\rhich will contribute to the true 
potential of the metal surface (12). This is particularly evident 
in the early stages of exposure when the coatings resistance is at 
its highest. Nevertheless electrochemical measurements have been 
used successfully by many workers and these can be divided into two 
groups:
i) CORROSION POTENTIAL/TIME MEASUREMENTS 
ii) POLARISATION MEASUREMENTS sometimes known as 
"POLARISATION RESISTANCE MEASUREMENTS”
2.3.2 CORROSION POTENTIAL/TIME MEASUREMENTS
The movement with time of the corrosion potential of a corroding 
metal can frequently be related to its corrosion behaviour. In 
general, movement towards more negative potential can indicate 
removal of surface oxide films and development of active corrosion, 
whilst a shift towards more noble potentials can indicate the onset 
of film formation and hence the cessation of corrosion (23). It must 
be borne in mind that this is not always the case as can be demonstrated 
by a potential/pH diagram (24) where the same positive shift in the 
potential can either passivate or accelerate a corrosion reaction 
depending on the pH. This can be seen from Figure 2.2.
10
Figure 2.2 The Pourbaix diagram for iron (24).-
CRENNELL (25,26) observed that the corrosion potential of
painted metals in sea water was generally cathodic to that of the bare 
steel. MAYNE (27,28), the protagonist of the DC resistance techniques 
and a firm believer that the rate determining step in corrosion of 
coated metals is the ionic resistance of the coating, explained 
Crennell’s observations by reference to EVENS (29) diagram. He 
argued that in the case of a bare steel the observed corrosion potential 
is given by the point of intersection of the cathodic arid anodic 
curves. He further argued that the high electrolytic resistance of a 
paint film actually does not allow the cathodic and anodic curves to 
intersect and that the corrosion potential should attain a value very 
close to the cathodic curve because of:
i) very high resistance of the approach to the smaller anodes
ii) very high cathodic/anodic surface area ratio.
Therefore it was assumed that the corrosion potential of a 
painted metal should follow the cathodic polarisation curve.
11
MAYNE'S hypothesis was in the main, confirmed by BRASHER and 
NURSE (30), who assumed that the resistance within the paint film 
resided mainly in pores filled with the electrolyte. They observed 
that the corrosion potential of'painted steel specimens varied as 
the logarithm of the specific resistance of the electrolyte in which 
the specimen was immersed. Substitution of the resistance of the 
electrolyte in the TAFEL (31) equation for the current which was 
assumed to be cathodically controlled, explained the logarithmic 
relationship observed.
It appears that the potential-time technique applied to painted 
metals was first introduced by BURNS, HARING and GIBNEY (32,33), who 
unfortunately adopted a rather empirical approach to their work. 
Probably the most careful and useful appraisal of the corrosion 
potential-time technique applied to painted steel was made by 
WORMWELL and BRASHER (34). A typical curve is shown in Figure 2.3.
Figure 2.3 Potential—time and weight loss curves for painted 
steel from Wormwell and Brasher (34).
12
The beginning of the gradual decline in potential following the peak 
coincided with the onset of rusting. This is indicated by the corres­
ponding corrosion weight loss. It was concluded from this that the 
period required to pass the peak represented the useful life of the 
paint, and that this period was extended in proportion to the weight of 
paint applied per unit area.
LEIDHEISER (35,36) carried out similar studies on polybutadiene 
coated steel in 0.5 M NaCl solution. The transparent nature of the 
polybutadiene films enabled them to make simultaneous observations 
of corrosion and cathodic delamination processes, while the corrosion 
potential measurements' were'being made. They found the corrosion 
potential to be approximately (-0.3 V vs. SCE) as first corrosion sites 
appeared. The corrosion potential was then found to move to more noble 
directions as the cathodic delamination occurred around the corrosion 
sites. The corrosion potential dropped to (-0.6 V vs. SCE) after 
32 days at which point general corrosion started to take place. He 
explained the results in the following manner. The movement of the 
corrosion potential in the noble direction is indicative of an increas­
ing cathodic/anodic surface area ratio and is also indicative that 
oxygen and water are penetrating the coating and arriving at the metal- 
coating interface. This is shown in Figure 2.4. Movement of the 
corrosion potential in the active (more negative) direction is 
indicative that the anodic/cathodic surface area ratio is increasing 
and that the overall corrosion rate is becoming significant.
Increasingly positive potentials with time suggest that alkaline 
conditions caused by the cathodic reaction are developing locally at 
the metal-coating interface and that delamination is of concern. It 
was concluded that a potential considerably more noble than the 
corrosion potential of the uncoated metal is a caution signal that 
the coating / substrate band is suffering deterioration, whereas 
increasingly active potentials indicate rusting beneath the coating 
and represents the signal that the coating lifetime is limited.
13
Figure 2.4 Schematic description of the change in corrosion 
potential with time for polybutadiene-coated steel exposed to 
aerated sodium chloride solution. The potential moves in the 
noble direction with time because the cathodic/anodic area 
ratio increases (35,36).
2.3.3 POLARIZATION MEASUREMENTS
CLAY (37) galvanostatically polarized painted steel immersed in 
saline solutions and attempted to relate the polarization curve 
obtained with the visible condition of the specimen after exposure 
tests. The steepness of the polarization curves obtained were 
equated with the protection offered by the paint.
Perhaps the most careful and probably the most useful appraisal 
of the polarization technique was first given by BUREAU (38). His 
technique was based on that of STERN’S (33) linear polarization
14
technique. Painted specimens were polarized to ■- 100 mV from the 
corrosion potential and the gradient of the potential-current curve 
AE/AI, described as the "polarization resistance" was stated to be 
inversely proportional to the corrosion rate of the metal.
Comparison of DC resistance values of detached paint films with the 
polarization resistance values, obtained in water, showed that the 
polarization resistance was much higher than the ionic resistance 
of the paint film. It was concluded that corrosion would be controlled 
by • polarization resistance rather than the electrolytic resistance 
of the paint film, with the anodic reaction showing the greatest 
polarization. However, in saline solutions the polarization 
resistance were lowered, finally approaching the values for ionic 
resistance.
Polarization tests using a more direct method of correcting 
for ohmic drop errors were undertaken by ROZENFEL’D and his 
colleagues (40). A galvanostatic circuit with facilities for 
interrupting the current was used to polarize painted steel immersed 
in saline solutations after DRALEY (41). Measurements on a series 
of unpigmented varnish coatings on steel indicated that polarization 
resistance accounted for 35-38 per cent of the total resistance of 
the system and only 2-5 per cent was due to ohmic resistance, with 
the cathodic reactions more polarized than the anodic reactions.
All this work cast serious doubts about views expressed by 
some workers such as MAYNE (20,27,28), who believed that electrolytic 
resistance of the paint films is the corrosion rate - controlling 
factor. It may be concluded that the polarization resistance is a 
quantity which is more directly related to corrosion rates of painted 
metals.
15
2.4 IMPEDANCE MEASUREMENTS (ALTERNATING CURRENT TECHNIQUES)
2.4.1 INTRODUCTION
Coatings research since the 1950s has seen widespread use of 
alternating current techniques.
Any electrical or electrochemical measurement, which employs 
alternating current should strictly speaking by definition be 
referred to as an impedance technique. This nomenclature in electro­
chemistry and especially in coatings research is, however, not 
adhered to on many occasions.
Two distinct types of impedance measurement can be found in 
the literature depending on the number of frequency points employed 
in the experiment:
i) Capacitance and conductance/resistance measurements are 
those carried out at a single frequency-
ii) Alternating current impedance measurements (also referred 
to as frequency response analysis) are those which are carried out 
over a wide range of frequencies.
2.4.2 CAPACITANCE AND CONDUCTANCE/RESISTANCE MEASUREMENTS
Many workers have used measurements' of electrical resistance or 
current as a means of assessing the protective value of paint coating 
on metals. The majority of these methods have involved making the 
painted metal one electrode (usually the anode) in a cell containing 
a second electrode of different material, and an electrolyte, usually 
of a high conductivity. Until the 1950s most workers made such 
measurements by Direct Current methods.
In 1950 WORMWELL and BRASHER (42) used for the first time 
Alternating-current measurements of electrical resistance and 
capacitance to investigate the breakdown of painted steel immersed in
16
sea water. An Alternating-current bridge .operated at a fixed 
frequency of 1000 cycles/sec was chosen,in their work for two reasons:
i) The Alternating^ current technique allows determination of 
an extra electrical property of the paint/metal/electrolyte system 
that being the systems capacitance.
ii) The Alternating- current techniques^ do not suffer from the 
criticisms that Direct current techniques do, namely that currents 
of appreciable magnitude used in DC techniques may give rise to 
electrode polarisation and therefore possible disruption of the 
paint coating.
It was found in all cases investigated that initially both 
the measured capacitance and conductance increased linearly and 
corrosion beneath the paint film was observed during this time.
This gradual linear increase was followed by an abrupt change from 
linearity. The capacitance rose sharply by several orders of 
magnitude whereas the conductance/time curve levelled off to yield 
a constant value.
It was proposed that; the steady linear increase in the 
capacitance and conductance was almost certainly connected with the 
absorption of water and salt by the paint coating. However, the 
authors remained undecided whether the uptake of salt by the paint 
film exerted a direct effect on the measured capacitance. The sharp 
deviation from linearity in the capacitance/time and conductance/ 
time curves was attributed to localised rupture of the paint film by 
the underfilm growth of the corrosion product. At this instant the 
solution comes in direct contact with the metal substrate thus 
allowing general corrosion of the substrate metal to begin.
BRASHER and KINGSBURY (43) went a step further and actually used 
the measured capacitance values to calculate the amount of water 
taken up by the paint films. The method they employed for calculating
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the water-uptake by the paint film was based on a semiempirical 
formula given by HERTSHORN, MEGSON and RUSHTON (44) with a few 
assumptions in mind:
i) The change in the capacitance of the paint film'is due entirely 
to uniform diffusion of water into the paint film.-
ii) The permittivity of the absorbed water is constant and 
equal to 80.
ii) The swelling of the paint film can be ignored, or, if 
necessary, be allowed for at the end of the calculation by assuming 
it to equal the volume of water -taken up, and applying successive 
corrections.
iv) The distribuiton of water within the paint is random and 
uniform.
The HERTSHORN, MEGSON and RUSHTON formula works on the principal 
of averages i.e. random distribution of air and water interstices
within the paint film and is given in equation 2,1
V /V V /V V./V n -jp / w A 2.1
E  =  £  X  £  X  E .m p w A
where e m “ measured permittivity
Ep, ew and are permittivities of paint, water and air
respectively
Vpj Vw and are volumes of paint, water and air respectively
V - total volume; V = V + V + V .p w A
But since by definition e. = 1, then ;
V /V Vw/V 9 9
e = e P x e  2 . 2m p w
and comparison of em at time t with Em at time 0 gives 
Vw/V
em £w  -  n—  /v 2.3
em,o ew , ^ °
V /V
But V “ 0, thereforee W*° = 1w,o w
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and therefore:
Em • Vw/V Xv 2.4
  = e = 8 0em, o w
where Xv = volume fraction of water taken up by the paint film.
But if it is assumed that the capacitance changes are proportional 
to permittuity changes em/em Q - Cm/Cm,o where Cm and Cm,o are the 
measured capacitance at any time t and at zero time respectively, 
then equation 2.4 becomes
^m
m^, o
= 80 v 2.5
and X % = 100 log (Cm/cm,o> 2.6
log 80
where X^ = percentage by volume of water taken up.
Brasher and Kingsbury used equation 6 to construct water-uptake/ 
time plots from the capacitance measurements during the period 
preceeding the "rupture" of the paint's film. These plots were 
compared with water-uptake/time curves obtained by the traditional 
gravimetric method. However, while very good agreement was found 
between the two methods for many paint/steel systems some shewed 
appreciable differences.
Positive deviation, when calculated water-uptake values were higher 
than those obtained by the gravimetric method, were attributed to non- 
uniform distribution of water in the paint film, i.e. in pores 
perpendicular to the metal surface.
Several reasons for the negative deviations were put forward 
by the author and they were thought to be due to:
i) Water being distributed in layers parallel to the surface,
ii) Water's displacement of some polar solvent originally present 
in the paint.
iii) Random and uniform distribution but some water being chemically 
"bound".
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iv) Swelling of the paint film.
GENTLES (45) suggested that the difference in the water-uptalce 
values between gravimetric and capacitance methods can be used to 
determine the distribution of water in the coating for example, whether 
the water exists in layers parallel to, or in pores perpendicular to 
the surface of the metal substrate.
O’BRIEN (46) and MILLER (47) assumed that water diffused into 
a coating or a layer parallel to the surface and used capacitance 
values to determine the thickness of the coating penetrated by water 
during exposure to an electrolyte.
BRASHER and NURSE (30) used capacitance values to show that the 
amount of water uptake by an organic coating decreased as the osmatic 
pressure of the electrolyte was increased.
Despite some of its drawbacks the capacitance measurement 
technique was universally accepted and was used by other workers.
LEIDHEISER and co-workers (48), studied over a period of a few 
years the capacitance and conductance behaviour and properties of 
polybutediene coatings on steel. Their investigations revealed 
three distinct regions in the capacitance/time curves as shown in 
Figure 2.5. First stage x<ras a sharp rise in the capacitance, 
which was attributed to the filling of the pores and capillaries 
present or defects in the external portion of the coating by the 
solution. The second stage was found to be a linear relationship 
between the capacitance and time, due to diffusion of water into the 
coating. During this second stage usual observations of sporadic 
corrosion and delamination were observed. The final, third stage was 
highlighted by a sharp increase in the capacitance after which 
general corrosion was observed. This third stage was defined as the 
"rupture breakdown” of the film. The extent of the three zones and 
the general shape of the capacitance/time curve was found to be
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Figure 2.5 Capacitance and Resistance of the Coating 
as a function of time. (48).
thickness dependent. Thin coatings (less than 4 ym) were found to 
consist mainly of stage three behaviour, whereas thick coatings 
(greater than 30 ym) exhibited extensive linear region and a very 
shallow and ill defined stage three region. LEIDHIESER gained so much 
confidence in the capacitance technique that he actually used the 
capacitance measurements in his mathematical models to predict the 
resistance behvaiour of polybutadiene films with time. The calculated 
and observed resistance values were found to agree reasonably well.
One interesting outcome of the model is the way in which the depth of 
penetration of the capillaries varies with the thickness of the 
coating. This value was approximately the same as the thickness of 
the coating until the coating reached a thickness of approximately 
8y m, above which thickness the depth of penetration assumed a 
constant value of approximately 8 ym. The second interesting obser­
vation was that in the three cases investigated the duplex poly-
21
butadiene coating behaved in the same manner as the equivalent 
thickness of a single applied coating.
STANDISH and LEIDHEISER (49), measured capacitance, conductance 
and the phase angle of epoxy-polyamide coatings on steel exposed 
to 3% NaCl solution over a frequency range of 3 to 10000Hz. They 
showed that in the early stages of exposure the value of capacitance 
was the same irrespective of frequency and the phase angle was 
exactly 90 degrees out of phase. Once corrosion had developed 
beneath the coating the measured capacitance varied widely yielding 
highest values at low frequency, however high frequency capacitance 
values were comparable. After very long exposure times the measured 
capacitance showed abnormally high values even at frequencies as high 
as 10000Hz and the phase angle was measured to be less than 90 degrees. 
This put a question mark over the validity of single frequency 
capacitance measurements when applied to coated metals after lengthy 
exposure to electrolytes.
2.4.3 AC IMPEDANCE MEASUREMENTS (FREQUENCY RESPONSE ANALYSIS)
The processes, which take place at the interface constituted by 
the metal and the corrosive medium are numerous and are by nature very 
different (50). These may be electrochemical reactions, chemical 
reactions, solvation, adsorption of the intermediates of reactions, 
transport of material by migration, diffusion and natural convection. 
The presence of an organic coating on the .metal in no way lessens 
this complexity, on the contrary, it introduces additional electrical 
and electrochemical properties, i.e. the dielectric behaviour, 
ionic resistance of the coating and its barrier effect on diffusion 
of chemical species.
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Researchers began to realise that measurements, which make use 
of direct current or single frequency could yield values, which may 
be a result of the interplay of several phenomena. When alternating 
current of variable frequency is used, only these processes which have 
sufficient time to take place during the alteration of the electric 
field at any given frequency come into play. Thus impedance measure­
ments over a wide range of frequencies should be able to separate 
these processes, provided, of course, that their "reaction rates” 
or "relaxation times" are different. For this reason the AC 
impedance technique was seeing a growing use in corrosion studies.
LORENZ and MANSFELD (51) discussed both the DC and AC techniques 
and listed the following advantages cf AC impedance approach over 
the DC methods.
i) AC impedance techniques use very small excitation amplitudes,
generally in the range of 5 to 10 milli volts compared to 1 to 5 volts
usually employed in DC methods. Excitation voltages of this magnitude 
cause only minimal perturbation of the electrochemical test system, 
thus reducing errors caused by the measurement technique itself.
ii) Since it is capable of separating the different chemical and
electrochemical processes it can provide valuable mechanistic information 
about the system’s behaviour.
iii) The method does not involve potential scan and therefore 
measurements can be made in low conductivity solutions where the DC 
potentiostatic /galvanostatic techniques are subject to serious 
potential control errors. In fact, the AC impedance methods can be 
used to determine the uncompensated resistance of an electrochemical 
cell.
KENDIG and LEIDHEISER (52) carried out impedance measurements of 
polybutadiene-steel system in 0.52 M NaCl solution in the frequency 
range of 0.2 to 100 KHz and presented their results in a rather
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unorthodox way, i.e. the real and imaginary components of permittivity
using equations 2.7 and 2.8
d
e =
A e - C
Ae W R o
2.7
2.8
where £ =o
A •=
W = 
R = 
C = 
d = 
£ ’ = 
£»' =
-12  -1the absolute permittivity of free space (8.84194 x 10 Fm )
2area of the exposed coating (m )
-12 n f angular frequency (rad sec ) 
resistance (ohms) 
capacitance (Farads) 
thickness of the coating (m ) 
real component of permittivity 
imaginary component of permittivity
A schematic model of the polymer coating heterogeneously penetrated 
by a conducting phase was proposed as shown in Figure 2.6.
Penetra ting  conducting phase
Figure 2.5 Schematic of polymer coating heterogeneously 
penetrated by a conducting phase.(52).
It was postulated that in some localized areas, the coating does not 
behave as a dielectric, but exhibits electrolytic conductivity as a 
consequence of polymer breakdown such that electrolyte is dissolved 
within a hydrolyzed region, or because of penetration by the
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electrolyte through pores. In other localized areas the coating 
remains a highly cross-linlted, relatively inert, dielectric material.
The entire coating/metal oxide/metal system may be considered to 
consist of electrolytically activated, conducting regions penetrating 
the coating randomly over the surface with respect to depth and can 
be represented by an electrical circuit shown in Figure 2.7, where 
each parallel path is a resistor in series connection with a lossy 
capacitor.
Fig. 2.7 The electrical analog of a polymer coating
heterogeneously penetrated by a conducting phase (52).
The lossy capacitor is a series connection of the dielectric polymer 
and the very lossy metal oxide interface. Such a model was used to 
explain the behaviour of the polybutadiene-steel system in the early 
stages of exposure to the electrolyte. Initially, the electrolyte 
penetrates the coating and sets up conducting paths to random depths 
over the coating surface, therefore decreasing the overall resistance 
of the polymer coating and increasing the capacitance, because the 
overall thickness of the unpenetrated polymer decreases. Thus both the 
real and imaginary components of permittivity should increase over the 
entire frequency range as indeed they do as shown in Figure 2.8.
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Frequency in kHz.
Figure 2.8 Log loss vs. log frequency for a polybutadiene-
coated steel exposed for 0, 1, 14 and 21 days to 0.52 M NaCl.
Paths of complete penetration develop with time, however, which 
allow the electrolyte phase to meet the metal oxide interface and 
a corrosion cell is activated. At this point a slope of -1 is 
observed on the log e" vs. log frequency plot.
It must be emphasised at this point that most alternating 
current impedance work in the 1950s and 1960s was carried out using 
bridge and lock-in amplifier techniques. These apart from being slow 
and tedious were only able to provide impedance data down to 10 Hz.
In the 1970s the arrival of the transfer function analyser made it
. » ♦ -4possible to obtain impedance data from 100 KHz down to 10 Hz. Thus
it was possible for the first time to separate the processes occurring
within the polymer coating from the FaradaLc corrosion processes
taking place at the polymer/metal interface.
Many workers around the world at about the same time began 
using the transfer function analyser (TFA) to measure the AC impedance 
of polymer/metal/electrolyte systems. Amongst them were PIENS and 
VERBIST (53) in Belgium, KENDIG and MANSFELD (54) in the U.S.A. and 
SCANTLEBURY (55,56,57) in this country. A number of polymer coatings 
on steel were investigated such as polyurethane varnish (53), poly-
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butadiene (54), chlorinated rubber and coal for epoxy (55,56,57).
The impedance response of these polymer/metal/electrolyte systems 
during exposure times of up to 6 months enabled the authors to 
describe the systems behaviour in terms of its "equivalent circuit1’ 
as shown in Figure 2.9. A general electrical model based on that of 
RANDLES (58) but with two additional electrical components that is 
the coatings resistance and capacitance emerged as shown in Figure 2.9c
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Figure 2.9 Equivalent circuit diagrams which describe the 
possible impedance response of an electrolyte/ 
polymer/metal system.
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where Rg = solution resistance (ohms)
Rp = coatings pore resistance (ohms)
R t = change transfer resistance (ohms)
Zp = Faradaic impedance (ohms)
C = coatings capacitance (Farads)
Cdi « double layer capacitance (Farads)
W =' Warburg diffusion impedance (ohms)
Furthermore,, it was pointed out that the impedance response 
at any given time of exposure could be used to ascertain the extent of 
coatingfs breakdown and deterioration. For example the change from 
a vertical linear response to a semicircular one on the complex 
impedance plane is an indication that the coating has been penetrated 
by a conducting phase right through to the polymer-metal interface.
The appearance of Faradaic processes in the impedance diagram either 
in the form of a second semicircle or Warburg impedance, on the other 
hand, is a conscious sign that the substrate metal is suffering 
serious corrosion deterioration.
It was pointed out by PIENS and VERB1ST (53), and SCANTLEBURY (56), 
however, that although corrosion of the substrate steel was observed 
beneath some coatings the impedance spectrum in many instances did
not show any signs of Faradaic processes. It was suggested that, 
initially, the information relating to the electrochemical processes 
was in some way obscured by the high level of the ionic resistance of 
the coating. But, when the ionic resistance was Sufficiently low, or 
has become so after ageing of the coating film on immersion in the 
electrolyte, these other Faradaic and diffusion processes appeared in 
the impedance spectrum and the coating-metal system could be characterised 
completely.
Furthermore, VERBIST (53) concluded that, the only value allowing 
the measurement of the corrosion rate of the coated metal and which, as
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a consequence, is a quantitative expression of the protective 
efficiency of the coating, was the change transfer resistance. Other 
values (ionic resistance, dielectric capacity, diffusion impedance), 
were found to be only qualitatively related to the protective efficiency 
of the coating. The same conclusion was reached by BEAUNIER and 
EPELBOIN (59), who obtained very good agreement between corrosion 
rates of epoxy painted steel, determined by weight-loss measurements 
and calculated from the. change transfer resistance (kct)«
HLADKY, CALLOW and DAWSON (60) in a review paper discussed some 
theoretical and practical aspects of AC impedance measurements. They 
showed how the different electrical and electrochemical values can 
be obtained from the impedance and admittance diagrams. KENDIG and 
MANSFELD (61), showed how impedance data describing a system whose 
reaction rates and/or tirae-constants are poorly resolved can be 
successfully deconvoluted by means of specially written computer 
programs. Clever manipulation of impedance and admittance data enabled 
them to obtain very accurate values of the electrical and electrochemical 
components describing such systems.
MANSFELD et al (62,63) in a two part publication discussed the 
theory and interpretation of AC impedance measurements and undertook 
a thorough study of several electronic circuits commonly employed in 
these measurements. With the aid of "dummy circuits" made up of 
resistors and capacitors they investigated the performance of two high 
impedance circuits based on operational amplifier and a potentiostat.
It was emphasised that high impedance circuits must be used in 
applications such as coatings, where the measured impedance is very 
often extremely high. The choice of a high impedance circuit and its 
subsequent calibration with "dummy circuits" was recognised as being of 
utmost importance if the measured impedance data was to be free of 
artefacts and errors resulting from the measuring circuitry itself.
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SCANLEBURY and SUSSEX (55) demonstrated how the coatings 
capacitance can be very accurately determined from the complex 
impedance diagram and found that thin coatings shox^ ed a greater 
change in capacitance than thick ones. It was suggested that a thin 
coating is likely to contain more Direct "D" type areas (20) and. 
therefore have more open structure, thus absorbing proportionally 
more water than thick coatings.
A series of papers by SCANLEBURY, CALLOW and co-workers, dealing 
with the subject of electrochemical impedance of coated metals, 
were over a number of years published in the Journal of Oil and Colour 
Chemist’s Association. These articles discussed such experimental 
parameters pertaining to the impedance studies of coated metals as: 
i) POLARIZATION EFFECTS (64)
ii) EFFECTS OF TIME AND POTENTIAL (65)
iii) MEASUREMENTS. AT CONSTANT POTENTIAL (66)
iv) THE EFFECT OF OVER POTENTIAL (67)
v) FILM THICKNESS (68)
vi) THE EFFECT OF ACID MEDIA (69)
vii) IMPEDANCE OF DETACHED PAINT FILMS (70)
Some of the more important conclusions which emerged from these 
studies can be summarised in points:
i) Potentiostatic three electrode measurements can be made on 
defective paint films provided a stable rest potential is 
measurable (64).
ii) The changes in the processes taking place at the majority
of corrosion sites can be followed using the electrochemical 
impedance technique (65)*
iii) After the initial period of immersion the conducting pores 
in the coating eventually become blocked by the corrosion
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product. When this happens the impedance is dominated by
a Warburg or diffusion controlled impedance (65).
iv) The capacitance of the intact paint film did not vary with 
overpotential. The capacitance associated with.the paint 
film when corrosion was observed was an order of magnitude
greater. This might be related to some parallel contribution
from the double layer capitance (67).
v) The double layer capacitance was found to be a maximum at 
the rest potential. At positive overpotentials, this 
capacitance was approximately double that at the extreme 
negative overpotential examined (67).
vi) The extreme low frequency data paints tended towards the 
origin with positive overpotentials and away from it with 
negative overpotentials (67).
vii) The impedance data obtained during the initial stages of exposure 
of mild steel coated specimens showed that the coatings having 
a thickness of the order of 100 ym did not directly relate 
to the observed corrosion phenomena (68).
viii) The acid media of low pH xvas found to dissolve the corrosion 
product blocking up the pores and this had a direct effect on 
the impedance diagram. The Warburg diffusion control was 
changed to an activation change transfer control (69),
ix) Multiple frequency measurements of the impedance of detached
coal tar epoxy films gave data which showed that the resistance 
of the paint film did not depend on the solution molarity or 
the time of immersion. This result was found to be at 
variance with previously reported DC work and raised some 
questions about the interpretation of DC results in diffusion 
controlled systems. The capacitance calculated from the 
impedance data changed with solution molarity much more than
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with long immersion time. This suggested that changes in the 
water activity are the major factor in film capacitance 
changes (70).
MANSFELD, KENDIG and TSAI (54) performed AC impedance measurements 
on free polybutadiene films and polybutadiene coated steel electrodes, 
which received different- surface pretreatments, prior to the coating 
operation. The presence of the metal substrate was found to enhance 
the short circuiting of the polymer film by the conducting electrolyte, 
because, while the pore resistance of the free film remained constant, 
those of the polymer coated metal electrodes declined rapidly with 
expsoure time as shown in Figure 2.10.
Figure 2.10 Time dependence of pore resistance R for poly-P
butadiene films formed on steel as compared to R^ for a free 
film during exposure to 0.5 N NaCl (54).
It was suggested that the most likely reason for this rapid decline 
of pore resistance (Rp) was not due to chemical and electrochemical 
gradients being set up across the film, but rather the mechanical
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stresses set up in the film as a result of corrosion growth and 
hydrogen gas evolution at the coating/metal interface.
2.4.4 ALTERNATING CURRENT IMPEDANCE SCANNING TECHNIQUE
In coatings development studies and coating appraisal studies, 
it is often of value to determine the homogeneity of the electrical 
properties. Defects in the coating show up as regions of electrical 
inhomogeneity and can be detected if one uses an electrical probe 
that senses coating property over a limited area.
LEIDHEISER and STANDISH (71) modelled a surface probe after 
the concepts of ISAACS and KENDIG (72) and detected the response 
of a small AC perturbation at a given frequency, while rastering 
the probe across the surface in much the same manner as an electron 
beam provides an image on the television screen. Such a procedure 
yielded a topographic electrical map of the surface.
The advantage of using an AC signal is that it is possible 
not only to generate a trace of the signal itself, but also, its 
in-phase and quadrature components as well as the phase angle.
The combination of these measured electrical components enabled the 
authors to distinguish between the different types of defects, 
which might be encountered while traversing the probe across the 
surface of the polymer. For example, when there was a sudden 
decrease in the signal, but the phase angle remained 90 degrees 
out of phase, that situation indicated a sudden change in the thickness 
of the coating. On the other hand, when the phase angle became less 
than 90 degrees, this suggested that the defect was a conducting pore. 
HUGHES and PARKS (73) have shown how the technique can be used 
successfully to detect defects such as scratches underneath the 
coating implemented, before the coating operation.
33
It seems likely that this method of coatings investigation could, 
with sufficient development, become a powerful means of elucidating 
not only the location of disbonded regions, but also determining 
their size and shape. This would be of particular value in an 
opaque coating, such as some epoxies,- where the location and the 
extent of disbondment cannot be observed visually.
2.5 DIELECTRICS - DIELECTRIC LOSSES - DIELECTRIC SPECTROSCOPY
Dielectrics constitute a poorly defined yet a major class of 
materials that conduct virtually no electricity under low DC electric 
fields (74). An ideal dielectric can be considered to be a perfectly 
homogeneous material, which has an infinitely high resistance.
When energy is applied to such a system in the form of alternating 
current, all of the energy is transmitted through the system without 
any power losses. Real dielectric? ,however, have a finite resistance 
and do suffer from heterogeneities and defects. Therefore, when 
electrical energy is supplied to a real dielectric some of it will 
be dissipated as heat due to resistance heating and some will be 
absorbed by polarization processes. Such energy dissipation by 
dielectric materials is often referred to as the dielectric loss.
Every i.type of dielectric loss is connected with motion of 
change carriers. The effect of their movements in an electric field 
is called polarization (75). The total polarization is the sum of 
various contributions, e.g. electronic polarization due to the 
relative displacement of electrons and nuclei, polarization due to 
orientation of dipoles (for example structural dipoles in polymers), 
and interfacial or MAXWELL-WAGNER polarization when there are 
boundaries between the component of a heterogeneous system. The 
occurrence of dielectric loss can generally be understood as follows:
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at very low frequencies the polarization easily follows the alternating
field, thus its contribution to the dielectric constant is maximal, and
no loss occurs. At very high frequencies the field alternates too
fast for polarizatiori to arise and there is no contribution to the
dielectric constant, and no energy is lost in the medium. Somewhere
between these two extremes the polarization begins to lag behind
the field, and energy is dissipated. The loss factor has a
maximum at a frequency f , which is related to a characteristic . J max
time.
KENDIG and LEIDHEISER (52) were amongst the first workers in 
the field of coatings research to realise that, while single 
frequency capacitance measurements used to estimate the water 
uptake of polymer coatings (43), may be valid for the early stages 
of coatings exposure to an aqueous environment and for relatively 
thick coatings, such estimates have limitations. They proposed a 
multi-layer model as shown in Figure 2.5 and argued that the porous 
penetration of conducting phase, interfacial impedance and MAXWELL- 
WAGNER and/or DEBYE losses within the polymer and interface (75) may 
all contribute to the observed electrical response of a polymer/ 
metal oxide/metal system.
HARROP (74), pointed out that the surface conduction of liquids 
and solids can also be increased by water and if surface effects are 
not guarded against, dipoles created by water on the surface of a 
given insulator can produce classical Debye loss peaks and even 
non-ohmic conduction. VAN BEEK (75) showed by considering some 
numerical examples of heterogeneous two-layer systems how the 
frequencies of maximum loss, f can vary widely and pointed out
that it is worthwile to estimate whether Maxwell-Wagner losses might 
interfere in practical cases.
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To summarise a polymer on a metal electrode can be considered
to be a multi-layer system consisting of electrolyte/polymer/metal
oxide/metal composite, which may undergo further changes during its
exposure to the electrolyte. Such a system may give rise to
unexpected polarization processes or dielectric losses, which may
have a profound effect on an impedance diagram measured over a
-4-frequency range of 100 KHz to 10 Hz.
There is a wealth of information in the literature, where the 
dielectric properties of linear polymer such as, for example, polyethylene, 
polyvinylchloride and others have been measured as a function of 
either temperature or frequency. This type of measurement is sometimes 
referred to as dielectric spectroscopy and is used to determine the 
frequency or temperature of glass and secondary transitions in polymers.
A text by HEDVIG (76) demonstrates that dielectric spectroscopy 
can be used to study the effect of water content amongst many others 
on the dielectric properties of polymers.
B01R, JOHNSON and co-workers (77,78) have shown that dielectric 
spectroscopy can be used to identify the presence of condensed water 
(in domains of about 2 pm in diameter and as little as 0.37% by 
weight) within polymers such as polycarbons and polyethylene.
STANDISH and LEIDHEISER (79) investigated dielectric properties 
of epoxy/polyamide coatings. They found that water plasticized 
the sample and reduced the glass transition temperature. Dielectric 
results for samples containing water showed that the secondary 
transitions shifted to lower temperatures.
2.6 ADHESION AND ADHESION FAILURE
2.6.1 MECHANISMS OF ADHESION
The mechanisms of adhesion of polymers to metals are still not 
fully understood and many theories are to be found in the current
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literature (80). Often, the proponents of each theory offer their 
hypothesis as a comprehensive explanation of all adhesion phenomena 
and exclude all the alternative explanations. Much of this confusion 
undoubtedly arises, because the test methods commonly employed 
to measure the strengths of adhesive joints are not well suited to 
theoretical analysis. They introduce geometrical factors and loading 
factors which are difficult to analyse, and the measured joint 
strength includes intermediate contributions from rheological 
energy losses in the adhesive and substrate. Thus, although the 
intrinsic adhesion forces acting across the adhesive/substrate 
interface may affect joint strength they are normally completely 
obscured by other contributions, and information concerning the 
magnitude of such forces may only be indirectly obtained. This 
inability to measure the interfacial interactions has been the main 
obstacle to the development of a comprehensive theory of adhesion.
The four main mechanisms of adhesion which have been proposed and 
discussed recently by KINLOCH (80) are:
i) Mechanical interlocking (81)
ii) Diffusion theory (82)
iii) Electronic theory (83)
iv) Adsorption theory (84)
(a) Secondary force interactions (85)
(b) Primary interfacial bonding (86)
2.6.2 THE EFFECT OF HOSTILE ENVIRONMENTS ON THE ADHESION OF POLYMERS 
TO METAL
Water and many other agressive media have an adverse effect on 
the adhesion of polymers to metals and the literature relating to 
aluminium has been reviewed by KINLOCH (87). The presence of water 
sensitive layer (88), or even water itself (89) at the polymer-metal
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interface has been suggested to account for the bond deterioration
of brass and steels (90) as well as aluminium (91) in the presence
of water in liquid and vapour states.
Displacement of polymers by water can be predicted from well
established principles of surface free energy changes, these
theories are well lcnoxvn and have been discussed in detail by KINLOCH (80) .
Although thorough theoretical derivations of equations relating to
the surface free energy changes from YOUNG’S hypothesis (92) is
beyond the scope of this thesis, it can be shown (2) that the work
of adhesion (W ) may be defined by equation 2.9:
W = Y + Y “ Y 2.9cs ' cw sw 'sc
where y » Y * Y refer to coating, water and substrate partial ’cw’ 1sw* 'sc r
surface free energies respectively. For a typical polymer-metal
system the work of adhesion, in a relatively inert environment, for
example dry air, usually has a large positive value (for the epoxy-
-2ferric oxide interface 29 m J mm (90)). In the presence of liquid,
however, the work of adhesion, Wcs, many have a negative value in
which case the interface will become unstable and dissociate, if
W is positive, however, the bond will be stable. The value of cs c 7 3
W may be effectively increased to more positive values by modifyingcs
the coating or substrate in some way; one such method is the incorpor­
ation of an adhesion prom oter such as an ethoxysilane- into the 
coating or onto the metal surface (93). Such agents are widely 
used in situation of high humidity.
Although such a thermodynamic treatment can be a very useful 
indication about the system’s stability, more often than not loss 
of adhesion is lcinetically controlled, and may be associated with 
such factors as, for example, mechanical interlocking (81), Moreover 
in some instances the separation of polymers from the metal may be
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cohesive in nature (failure within the polymer itself),-due to weak 
boundary layers as pointed out by BIKERMAN (94). For these reasons 
researchers have been using various mechanical test methods (95) 
to determine the bond strengths of polymer/metal systems and surface- 
specific analytical techniques such as Laser-Roman spectroscopy (96), 
X-ray photoelectron spectroscopy (XPS) (97) and secondary-ion mass 
spectroscopy (SIMS) (98), to study the type of failure in these 
systems (i.e. whether adhesive or cohesive).
The failure mode of epoxy bonded mild steel in both dry and 
water sealed environments, and the effect of si lane adhesion 
promoters was investigated by GETTINGS and KINLOCH (99). They 
found that although the dry joint appeared to fail adhesively, the 
locus of failure was close to the interface, but due to surface 
topography, sometimes passing through the polymer and sometimes 
through the metal itself. On exposure to water the fracture path 
is at the interface, corrosion causing considerable oxide growth.
The use of a silane based adhesion promoter increased bond strength, 
the joint failing cohesively within the polysiloxane layer. By using 
XPS and static secondary ion mass spectroscopy (SSIMS) the formation 
of discreet chemical bonding between the metal oxide and polysiloxane 
primer was postulated (100). The absorption of ethoxysilanes on 
pure iron has been studied by BAILEY and CASTLE (97) who concluded 
that vinyl triethoxysilane is chemisorbed from methanolic solutions 
onto a hydrated metal surface.
As part of a much broader study, WALKER (93) used XPS to study 
the fractured surfaces of silane primed epoxy coatings on aluminium, 
and observed cohesive failure in all cases. The locus of failure 
being adjacent to the silane/polymer interface.
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GETTINGS and KINLOCH (101,102) have also carried out a study 
of the adhesive bonding of three stainless steels using silane 
primers and an epoxy adhesive. Differences in surface composition 
and bond durability were ascribed to the differing metallurgical 
condition of the steels; one was a mixture of austenite and 
martensite, the other two were wholly austenitic.
DICKIE et al (103, 104) have also investigated the mechanical 
and corrosion induced delamination of two polybutadiene resins.
Both modes of testing gave failure due to cohesive failure of the 
polymer. For the mechanically failed specimen there was a considerable 
overlayer of polymer on the metal surface, there being no sign of 
iron in the spectrum. In the case of the cathodically polarized 
specimens, iron is discernible in the spectrum, indicating a much 
thinner organic overlayer; this was confirmed by angular XPS studies.
2.6.3 CATHODIC DISBONDMENT
Many coated steel products are subjected to scratches or dents 
with consequent exposure of the steel to the environment. If the 
coated materials are continuously immersed in an electrolyte, as 
for example underground pipelines and interiors of vessels holding 
an aqueous solution, it is possible to protect the exposed areas by 
an applied cathodic potential. One of the undesirable consequences 
of cathodic protection is that the coating adjoining the defect may 
separate from the substrate metal. This loss of adhesion is known 
as "cathodic delamination". This type of delamination may also 
occur in the absence of an applied potential. The separation of 
the anodic and cathodic corrosion half-reactions under the coating 
provides regions which are subject to the same driving force as 
when the cathodic potential is applied externally.
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It is generally believed after work by LEIDBEISER and KENDIG (35) 
and DICKIE and SMITH (105) that the major driving force for cathodic 
delamination in corrosion processes in the presence of air is the 
cathodic reaction
2H20 + 02 + 4e = 40H~
When an applied potential is used, the important reaction may also 
be that of hydrogen evolution 
2H+ + 2e = H2(g)
All the evidence presently available indicates that the cathodic 
delamination process occurs, because of the high pH generated by the 
cathodic reaction and that this strong alkaline environment may 
attack the oxide or the polymer at the interface. RITTER and 
KRUGGER (106) have reported that the pH at the delaminating edge 
can be as high as 14 as measured by pH-sensitive electrodes inserted 
through the metal substrate from the back and attack of the oxide 
has been seen by using ellipsometric techniques.
The dissolution of the oxide, as the major delaminating mechanism, 
has been proposed by GONZALEZ, JOSEPHIC and ORIANI (107) to account
for effects observed with food can lacquers on steel when immersed
. . 2+ m  solutions containing strong complexing agents for Fe ions. In
this case the presence of the complexing agent had the effect of
dissolving the oxide to maintain an equilibrium activity of the ferrous
ion.
LEIDHEISER (1) proposed, that in the cathodic delamination process, 
the dissolution of the oxide breaks, the bond between the coating and 
the substrate metal and the high pH , leads to localized attack of
the polymer at the interface. The presence of oxidised organic species
on the metal surface after delamination as reported by workers such as
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WATTS (2) using XPS was explained simply as a result of adsorption of 
these oxidised species or as a result of islands of organic 
left on the surface. Dissolution of the oxide as the main mechanism 
of bond rupture between the coating and the metal is not unreasonable 
as thermodynamic considerations predict such oxide reduction at a 
pH greated than about 13.5 (108),
The growth of blisters on painted steel panels has been studied
under cathodic polarization by McLEOD and SYKES (109) in solutions of
different metal chlorides. Although all the metal ions could produce
strongly alkaline hydroxides only monovalent ions were found to give
2+ 2+blistering whereas divalent ions such as (Sr , Ba ) did not. 
Furthermore a pH probe inserted into the rear of a steel test panel 
detected a shift in pH (8h-13-14) at the steel/paint interface under 
cathodic polarization in sea water, but not in strontium chloride 
solution. An increase in blistering severity has been observed with 
an increase in alkali metal cations mobility in the coating and in 
aqueous solution. However, equally mobile divalent metal cations 
capable of producing strong base,have in fact produced no blistering.
It was suggested that polymer coatings are impermeable to divalent 
metal ions.
A similar trend was observed by LEIDHEISER and WANG (110) in 
cathodic delamination studies of polybutadiene coating on steel from 
an intentional defect. They concluded that the correlation between the 
rate of delamination and the diffusion coefficient of the cation in 
aqueous solution supported the concept that diffusion of the cation 
through the coating is rate limiting. They also showed that the 
delamination rate was inversely proportional to the coating thickness
WATTS and CASTLE (111,112) have over a number of years carried out 
very thorough investigation of cathodic disbondment of two polymer/
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mild steel systems using surface analysis techniques. These were
epoxy coated mild steel and polybutadiene coated mild steel systems
and the disbondment experiments were carried Out at a cathodic
potential of -1500 mV (versus SGE) in 0.52 M NaCl solution.
The work carried out on epoxy coatings on mild steel, which
received different surface pretreatments, i.e. grit blasting,
abrasion, alkali cleaning and diamond polishing, revealed the
following information about the rate and mechanism of disbondment:
i) the magnitude of disbondment rate was found to be a function
of substrate surface profile, but in terms of polymer/
metal oxide interfacial path length remained constant at 
-10.4 mm day for all substtate pretreatments -
ii) the initial rate of delamination was found to vary logarith­
mically with time, but soon approximated to a linear relation­
ship,
iii) the early logarithmic stage of the cathodic disbondment was 
found to be due to reduction of the substrate oxide around 
the defect to a distance of 1 to 2 mm at which point the 
locus of failure passed from the metal/oxide interface to 
the oxide/polymer junction. Here the rupture of the polymer 
to metal bonding was attributed to the hydrolysis of the 
substrate oxide by the alkaline environment generated by 
the cathodic reaction.*
iv) although failure of the epoxy-coated mild steel was found 
to be predominantly adhesive the proportion of adhesive 
failure was found to increase as the substrate surface profile 
increased.
The cathodic disbondment of polybutadiene was found to be 
rather different. It was found that polybutadiene cures by an
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oxidative mechanism. When it cures on steel it not only draws 
oxygen from the atmosphere, but also can draw the necessary oxygen 
from the iron oxide at the polybutadiene/iron oxide interface and 
in so- doing it forms a discrete chemical interphase zone between 
the polymer film and the iron oxide.
Delamination of a polybutadiene/mild steel system was found 
to be very rapid during cathodic polarization and could be visually 
identified by blister formation. Examination of samples which were 
subjected to a peel test showed tXTO types of disbondment or failure. 
Within the disbonded zone the exposed metal surface was found to be 
very clean and metallic iron was found in the (XPS) spectrum due to 
oxide reduction. This was Type II failure. Outside the blister 
area a residue of polymer was found on the substrate surface, which 
was identified to be the interphase zone. This was Type I failure.
This Type I failure was also found on polybutadiene/mild steel 
panels which were exposed to saline solutions without cathodic 
protection.
It was proposed that Type II failure occurs because lateral 
diffusion of the ions can take place from the initiating defect and these 
are able to attack the interphase zone directly leading to failure at 
the oxide/interphase region, thus enabling the interphase zone to 
segregate together with the polymer.
It was further postulated that Type I failure occurs because of 
downward diffusion of the cations via conducting pathways in the 
film reaching the interphase zone, but not penetrating it and 
weakening the near interphase polymer by a build up of sodium and 
hydroxyl ions at this point.
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The survey made in this chapter indicates that electrical and 
electrochemical measurements can be of great assistance in determining 
the controlling factors in the corrosion of coated metals and in 
postulating the step-by-step mechanisms leading to gradual corrosion 
and eventual breakdown of a coated-metal-electrolyte system. It 
can be said, that research into corrosion of painted metals in the 
1940s, 1950s and 1960s has taken two paths. There were those who 
used electrical and electrochemical measurements to establish 
some scientific laws on which to base their- results and observations 
and those who were quite happy to use the results from these methods 
on an empirical basis.
The rather simplistic view, that the rate determining factor 
in corrosion of coated metals is the ionic resistance of the coating 
was proposed by MAYNE (20,27,28). This hypothesis was based on 
DC measurements described in section 2.2 and corrosion potential 
measurements described in section 2.3. BUREAU (38) and ROZENFELD (40) 
however, suggested that polarization resistance measurement is very 
often more directly related to corrosion rate of the metal substrate 
than the ionic resistance of the coating. This cast some serious 
doubts about the ionic resistance of the coating as being the rate 
determining step in corrosion of the substrate metal.
Those who preferred the more empirical approach, were amongst 
others BACON, SMITH and RUGG (19), who used DC electrical measure­
ments to show that the corrosion of the substrate is of concern when
2the resistance of the coating drops below 1-10 Mohm cm and LEIDHEISER 
(35,36), who showed how the corrosion potential can be used to predict 
the useful life of a coating metal system.
2.7 CONCLUDING REMARKS
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Single high frequency capacitance measurements have been used 
successfully by KINGSBURY and BRASHER (43) to determine the water 
uptake by polymers on metals. However, many polymer metal systems 
yielded water uptake values determined by this method quite different 
from values obtained by gravimetric measurements, PIENS and VERBIST 
(53) pointed out that when measurements are made at only one frequency, 
even high frequency, the value obtained may result from the- interplay 
of several phenomena. Thus capacitance measurements carried out 
at single even high frequency of a corroded coated metal might be 
affected by the faradaic corrosion processes as was shown by 
LEIDHEISER (49), Therefore the AC impedance technique was seen as a 
method capable of separating the dielectric behaviour and the ionic 
resistance of the coating,;from the faradaic corrosion processes 
taking place at the polymer metal interface.
The AC impedance technique was not unknown in the early days of 
BACON (19), MAYNE (20,27,28), and others, however, it was only 
recently that it found widespread use in coatings research, primarily 
because of the advances made in the field of microelectronics. The 
literature is full of its praise for this experimental method, 
because for the first time all the electrical and electrochemical 
measurements hitherto known, were merged as it were into one 
technique. This technique enabled the corrosion scientist to obtain 
in one experiment very accurate values of the capacitance and ionic 
resistance of the coating as well as solution resistance, double layer 
capacitance, charge transfer resistance and Warburg impedance.
Many it seems,excited at the prospect of being able to perform, for the 
first time, impedance measurements down to millihertz region, 
understandably were involved in the interpretation of these faradaic 
processes. Some useful conclusions came out of this work. For
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example EPELBOIN and BEAUNIER (59) confirmed the earlier findings 
of BUREAU (38), that it is the polarization resistance (charge 
transfer resistance), which determines the corrosion rate of the 
substrate metal and not the ionic resistance of the coating and 
SCANTLEBURY (65,69) has given useful interpretation of the Warburg 
impedance. MANSFELD, KENDIG and TSAI (54) have used this technique 
successfully to show the destructive effect of the substrate metal 
on the polymer film. The ionic resistance extrapolated from the 
impedance data showed rapid decline for coated metal samples, 
whereas those of free films did not change with the exposure time. 
However, the authors did not attempt to examine the capacitance data, 
which could have provided useful answers as to whether the discrepancies 
between water uptake obtained by single frequency measurements and 
gravimetric methods (43) are due to the measurement technique 
or some contributing phenomena.
While on the subject of capacitance measurement it has come 
to the attention that more often than not they : are displayed in the 
form of capacitance-time curves. These are very often difficult to 
use especially when capacitance data is presented from many experiments 
involving different coating thicknesses. It seems logical that these 
could be normalised to their respective thicknesses and presented in 
the form of dielectric constant. After all dielectric constant is a 
materials property.
Furthermore it was pointed out in section 2.5 that the polymer 
on metal electrode can be considered to be a multi-layer system 
consisting of polymer/metal oxide/metal/composite, which may undergo 
changes during exposure to electrolyte. For example the cathodic 
delamination introduces highly alkaline water layer at the polymer- 
metal interface (106,109). Such a system may give rise to unexpected
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polarization process or dielectric losses such as DEBYE losses or
MAXWELL-WAGNER polarization, which may have a profound effect on the
-4impedance spectra over a frequency range of 100 KHz down to 10 Hz 
as pointed out by LEIDHEISER (52).
It is felt that although it was realised that corrosion of 
coated metals can be a very complex situation from the point of view 
of electrode kinetics and that many processes can be taking place 
at the same time, many researchers in the field showed lack of versat­
ility in their experimental approach, perhaps with exception of one. 
LEIDHEISER (1,11,35,36,48,49,52,71,79,110), over a number of many 
years investigated polybutadiene-steel systems using various electrical 
and electrochemical methods in an effort to determine the contribution 
of all these processes in any given service situation and to build 
a concise picture of the systems behaviour. Others, it seems, were 
quite happy investigating different coating-metal systems and only 
occasionally changing such experimental variables as the concentration 
of salt solution, as though they were trying to determine some 
"magic" electrical or electrochemical quantity, which would be a 
"cure for all situations", a highly utopian idea, which is most unlikely. 
It is also felt that the AC impedance experimental potency has not 
been exploited to the full.
It is proposed, therefore, that more useful information could 
be obtained about any systems behaviour, by, if necessary, using only 
one technique and instead carefully designing a set of experiments 
or test procedures, which could be used to single out all the 
possible processes taking place during corrosion of a coated metal.
AC impedance technique is the obvious choice of the experimental 
method, because, as discussed in the literature survey, it offers so 
many advantages over other electrical and electrochemical methods.
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It is also proposed to concentrate on those systems which have been 
already well characterised by other workers and well accounted for 
in the literature.
The next section sets down the objectives of the work and the 
experimental approach adopted to the problems of corrosion of coated 
metals.
2.8 OBJECTIVES AND THE EXPERIMENTAL INVESTIGATION
The principle objective of this work is to obtain direct evidence 
of polymer delamination from unpolarized and cathodically polarized 
steel surfaces, by employing an "in situ" impedance analysis of the 
electrolyte/polymer/metal system. In order to understand the 
mechanism of failure and to corroborate earlier work of CASTLE and 
WATTS (2,101,102) and past authors, large and small area impedance 
measurements will be carried out and these will be used to obtain 
(ionic resistance, capacitance and/or dielectric constant) - time 
curves. It is proposed to use two polymer coatings for these 
investigations; a polybutadiene can coating, which has been 
extensively investigated by electrical and electrochemical as well 
as surface analysis techniques and has the advantage of being 
transparent,so that the progress of disbondment can be visually 
assessed. The impedance characteristics of a modern high performance 
coating; the powder epoxy pipeline coating employed by British Gas 
Corporation, will also be investigated.
Early work by MAYNE (20,27,28) and others showed that the 
polymer coating becomes conducting in those areas of the polymer, 
which during the curing operation develop low cross linking density and 
naturally those areas, which suffer from microdefects'such as air 
bubbles, dust particles, microcracks, etc. This has had very important
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repercussions on the technology of polymer coating and paint - 
formulation. New polymer coatings of superior cross linking 
properties have emerged and novel techniques of applying such coatings 
to metals, in an effort to produce defect free films, have and are 
being developed, as recently discussed by SCANTLEBURY (113). Thus 
it is expected that the thick powder epoxy coating will have a very 
high resistance, if any at all. Furthermore it is believed that the 
changes in the systems capacitance and therefore dielectric constant 
will be more directly related to the process of polymer disbondment 
than the ionic resistance of the coating. .Although AC impedance 
measurements have been applied to many polymer coated metals, the 
changes in capacitance of these systems have never been investigated 
in any great detail. Besides very few comparative studies of 
polymer metal systems and free polymer films have been carried out 
using the AC impedance technique. Few free polymer films will be 
examined in this work. The AC impedance technique will be reviewed 
in detail in Chapter 4.
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3. THEORY OF AC IMPEDANCE MEASUREMENTS
3.1 INTRODUCTION
In the introduction to section 2.4.3 it was pointed out that 
the processes which take place at the interface constituted by the 
metal and the corrosive medium are numerous and are by nature 
different. Charge transfer at an electrochemical interface occurs 
at the end of a succession of more or less coupled elementary 
phenomena (114):-
i) transport of reactive species in the bulk of the solution, 
often associated with chemical reactions in the bulk phase,
ii) adsorption of the reactive species on the electrode,
iii) electrochemical and chemical interfacial reactions.
Furthermore it was emphasised that the presence of an organic 
coating on the metal in no way lessens this complexity, but instead 
introduces additional electrical and electrochemical properties, i.e. 
the dielectric behaviour, ionic resistance of the coating and its 
barrier effect on diffusion of chemical species. Lastly in section
2.5 it was pointed out that the heterogeneous nature of the polymer- 
metal electrode may give rise to relaxation processes such as Debye 
dielectric losses and Maxwell-Wagner polarizations.
The aim of the electrochemist is to be able to study each 
elementary phenomena in isolation from the others. Hence, he has to 
use a technique - able to extract data which allows these phenomena to 
be separated.
Some techniques able to characterise the state of the surface or 
absorbed species on the interface necessitate the use of vacuum 
techniques (LEED, XPS, Auger ...) therefore they cannot be employed 
for an "in situ" analysis of the electrochemical interface. Other 
techniques using electromagnetic waves (optics: ellipsometry or
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X-rays: EXAFS) are beginning to be used in the study of the electro- 
chemical interface,but can hardly he applied when an alteration 
(dissolution, deposition) of the surface has occurred. Hence 
electrical methods are often the only possible recourse for "in 3
situ" investigations.
As a matter of fact, the use of electrical quantities allows a 
kinetic study to be done, which permits dissection of the couplings 
between elementary phenomena by control of the reaction rates. This 
enables the mono-electronic steps in the reaction mechanisms to be 
distinguished and the often unstable reaction intermediates involved 
in these reactions to be counted. If these techniques do not allow 
a real identification of the bonding and the reaction intermediates 
from a chemical point of view, they give information on the kinetics 
of the reaction mechanism governing the behaviour of the electrochemical 
interface and some characterization of these intermediates.
In addition to steady-state techniques, which allow simple 
processes to be studied, non-steady state techniques are necessary 
for investigating more complex electrochemical systems (such as for 
example electrolyte/polymer metal systems). The use of these techniques 
rests on principles analogous to those which justify relaxation methods 
employed at equilibrium state in chemical kinetics. Disturbing the 
reaction from the steady-state by applying a perturbation to the 
electrochemical system allows the system to relax to a new steady- 
state. As the various elementary processes change at different rates, 
the response can be analysed to dissect the overall electrochemical 
processes.
The choice of technique depends on whether one is trying to 
establish a reaction mechanism, i.e. testing a model, or determining 
kinetic parameters of a known, or at least commonly assumed, x
mechanism. Some transient techniques are extensively used because
52
they are well suited for extracting kinetic parameters when the 
mass transport is tedious. In some very favourable cases several
techniques may be of comparable utility. However, when complex
heterogeneous reactions interact with mass transport, time analysis 
of the transients will lead to very poor results in trying to extract 
a reaction mechanism, and a frequency analysis is more efficient.
Hence, the use of impedance measurements over a wide frequency
range is increasing in areas such as given in table 3.1.
TABLE 3.1
(i) SEMICONDUCTORS (a) Photovoltic work
(H5)
(b) Dopant distributions
(ii) CORROSION (a) Rate determination (116)
(b) Inhibitor performance (117)
(c) Coatings performance (54)
(d) Passive layer characterisation (L18)
(iii) BATTERIES (a) State of charge
(b) Materials selection H9)
(120)
(c) Electrode design
(iv) ELECTRODEPOSITION (a) Bath formulation
(b) Surface pretreatment (121)
(c) Deposition mechanisms (122)
(d) Deposit characterization
(v) ELECTRO-ORGANIC 
SYNTHESIS
(a) Adsorption/desorption
mechanisms (123)
(b) Reaction mechanism
(vi) COATINGS INVESTIGATIONS 
SECTION 2.4.3
(a) Rate determination
(b) Corrosion protection performance
(c) Dielectric measurements
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To summarise the electrochemical cell can be viewed as being 
made upof a combination of passive electrical circuit elements (i.e. 
resistors, capacitors and inductors) each of. which corresponds to 
a certain electrochemical process. Thus the electrochemical cell 
can be- represented by a purely electronic model. In this 
Representation lies the utility of AC impedance technique, since 
it allows the researcher to draw on established AC circuit theory to 
characterise the electrochemical system in terms of its "equivalent 
circuit".
The sections which follow describe frequency response analysis, 
introduce the concept of impedance and show how impedance expressions 
for simple electrical circuits can be derived. Different ways of 
presenting impedance data will be considered and how these are used 
to obtain the electrical elements, which make up the electrochemical 
system under Investigation. The mathematical treatment will be kept 
to the bare minimum. More rigorous theoretical treatment of frequency 
response analysis can be found in any standard text on circuit theory 
analysis and control engineering.
3.2 LINEAR SYSTEM FREQUENCY RESPONSE ANALYSIS
Frequency response methods provide a convenient means for 
investigating the dynamic behaviour’ of electrochemical systems.
By frequency response is meant the response of a system to a sinusoidal
input x(t) = A sin w t. A characteristic of linear systems is that
after the effect of the initial transients have "died out", the
response also becomes a sinusoid with the same angular velocity w
of the input. As it illustrated in Figure 3.1, the response
y(t) = B sin (w t + <j>) is displaced same phase angle  ^ from the input,
and the amplitude B is different from that of the input A. Both
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the phase angle <j> and the amplitude ratio B/A are functions of the 
angular velocity w of the imput signal. Graphs of <f> versus w and 
of amplitude ratio B/A versus w form the bas:is for frequency 
response methods.
Figure 3.1 Sinusoidal response.
The response y(t) of a system to a perturbation x(t) is 
determined by a differential equation of n th order in y(t)
,n-l
b i l x i i )  + b . i _____
dt dt
y (t) + ...... + b y (t) =n ^
d x (t) , d x (t)= a  —  + a.-------o ,. m 1 ,. m-1 3.1dt dt
or a set of n differential equations of the first order (114).
However, more complex linear systems can also be governed by linear
partial differential equations.
Hence if x (t) is a sine wave input 
x(t) = A sin w t 
the response, y(t), is also a sine wave 
y(t) = B sin (w t + <J») 
and a transfer function can be defined 
H(u>) = |H(w)| e^
where |k (io) | = ^
3.2:
3.3
3.4
3.5
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and jH(to) | and <j> are the modulus and the phase shift of the 
transfer function. If x(t) is a current and y(t) a voltage, H(w ) 
is an impedance value; conversely, if x(t) is a voltage and y(t) 
a current, H(w) is an admittance value.
From a theoretical point of view any type of perturbating 
signal x(t) - white noise, step, impulse or sine wave - can be 
used to obtain the value of H(m) and hence the impedance. This can 
be achieved by Fourier transformation (114), however, from a 
practical view-point the accuracy and convenience of the measurement 
determine, which perturbating signal is the most suitable. 
Traditionally in electrochemistry the perturbation signals have been 
pure sinusoidals.
3.3 IMP EDANCEHDEFINITION
The impedance can be defined for any physico-chemical system 
that is characterised by a steady-state current-voltage relationship 
(124). Hence for most of the electrode interfaces (Figure 3.2a),
V denotes the voltage actually measured between the working electrode 
and an arbitrary reference electrode including the ohmic drop.
At every point P(i0» a smabd amplitude sine wave perturbation
AV(t) can be superimposed to the voltage [or Al(t) to the current]. 
Provided the amplitude of AV or Al remains small enough to fulfill 
the so-called linearization, both A V and Al obey a sinusoidal 
time-dependence. At any frequency f, the amplitude ratios 
| AV |/ | Al | = |z|, and the phase shift <f> between AV(t) and AI(t) 
is as defined in figure 3.2(b)). |z | and <J> represent the modulus 
and the argument of the complex impedance Z(f) respectively.
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Fig. 3.2 (a) Steady-state current-voltage curve with superimposed 
voltage |AV| and current |AI| sma11-amplitude perturbations 
involved in the impedance measurement at the polarization 
point P: (b) Current and voltage sine waves given in time- 
scale with phase shift 4>: and (c) Impedance Z plotted in a 
complex plane (impedance diagram) by its modulus jzj and phase 
shift (j), or real, Re, and imaginary part, Im. The parameter 
is the frequency of measuring sine wave f (124).
Therefore from equation 3.4:
IAV | e~^ Z_____
Z (f) = | | =  \z\e3* = |AI ej(«t - *) - 3.6
where j = /-T and w = 2 f 
or in terms of its real Re, and imaginary part, Im,
Z (f) = Re (f) + j Im (f) ~ 3.7
Except in the case of purely resistive behaviour, Z is frequency 
dependent. The variations of Z as a function of f can be plotted in 
the complex plane (Re, j Im) under the form of an impedance diagram 
as shown in Figure 3.2(c). In the field of electrochemistry, 
negative Im values are usually plotted as positive ordinates ;
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they correspond to the capacitive behaviour commonly encountered in 
the early AC studies performed at acoustic frequencies. In contrast 
AC impedances in the very low frequency range can involve inductances 
(Im > 0) or negative resistances (Re < 0).
3.4 FREQUENCY RESPONSE ANALYSIS OF SIMPLE CIRCUITS
Before derivation of expressions for the impedance of simple
electrical circuits can be attempted,it is first necessary to
consider the expressions for impedance of elementary electrical
elements, i.e. resistor, capacitor and inductor. Concept of impedance
of these elements as it applies.to the sinusoidal waveshapes will
be briefly summarised. The rigorous theoretical treatment can be
found in reference (125).
KIRCHHOFF’S voltage low may be used to express the voltage
across the elemntary elements in terms of the current: -
V(t) = V cos a) t - 3.8m
RESISTOR I (t) = - 3.9R
CAPACITOR I(t) = - 3.10dt
INDUCTOR V(t) = L 4^ - 3.11dt
Using calculus and some trigonometric identities the appropriate
equations for the voltage and current vectors may be derived for
each of the elements and these can be used to obtain the impedance
from equation 3.6 .
RESISTOR = R - 3.12K
CAPACITOR Z^ = —^  - 3.13G j a) c
INDUCTOR ZL = j w L  - 3.14
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The impedance of any combination of circuit elements can be 
defined by a linear combination of the elemental expressions as given 
in equations 3.12, 3.13 and 3.14. Taking capacitor-resistor in 
parallel with a series resistor (Figure 2.9b), as an example the 
impedance of this network can be expressed in equation 3.15
Z “ R1 + Z1 R2^  “ 3,15 
but 1 1 , 1  _
ZX ■ + X  " 3'16JWC
Simplifying equation 3.16
R27 = ----ZL  - 3 171 1 + j^CR2 ’ '
Using complex algebra and multiplying the right hand side of 
equation 3.17 by the complex conjugate
1 “ jwCR2 
1 - jwCR2 3.18
the impedance Z^ becomes
2R2 - jo)CR2
Z_ =  -j—z— — - 3.19
1 + w C R2
The total impedance of the network is therefore
R2 o€R2
Z =R +  y 9 ? - j  5- 5— 5- ~ 3.20
l+\co C R2 1+ a) C R2
But impedance in the complex phase was defined in equation 3.7 as
Z = Re (f) + j Im (f) = Z' + j Z" - 3.7
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Therefore
Zf = Re (f) = R + ------- — ^ “ 3 *21
1 + u C C2
and
w C R 2
ZM = Im (f) = -  o-4-T " 3 *22
1 + cu C R2
The same approach can be used to derive expressions for 
impedance of a circuit of any complexity.
Table 3.2 shows impedance equations for some simple circuits 
worked out by the above method:
TABLE 3.2
R2
CIRCUIT IMPEDANCE EQUATIONS
R
,— —— Z = Z' + Z" =R + 0 j
C
H I
Z = Z * + Z" = 0 -
os c
C
H I
R
Z ~ Z' + Z" - R - J
(O’ c
c 11
2
cj „ tj 1 _i_ *71 f _ K _ * uj C Rz z + z - -2- j ■ ■
1 + 05 C R 1 + w C l
R
- ' W W -
- W r
Ri
r M f — j
-AAAr~r2
R9 o) C R 2 
Z = Z1 + Z" = R + 2 - j 2
1+wC R 1+ oj C R2
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Examination of the equations in Table 3.2 leads to the 
following observations.
The imaginary part of impedance in all cases have negative 
values. In the field of electrochemistry negative imaginary values 
are normally plotted as positive ordinates. In this thesis the 
same convention will be adhered to.
Impedance of a resistor has no imaginary component at all, 
while that of a capacitor has only an imaginary component, which is 
a function of both capacitance and frequency. Impedance of a 
resistor is represented by a fixed point in a complex impedance plane 
irrespective of frequency as shown in figure 3.3(a).
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Figure 3.3 Complex-plane impedance spectra with their associated 
equivalent circuits (126).
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The impedance of a capacitor on the other hand is purely imaginary 
in the complex impedance plane and its magnitude increases as the 
frequency tends to zero, figure 3.3(h). As can be expected the 
impedance of resistor-capa.citor network in series, has a real component 
equal to the value of the resistor and an imaginary component of 
impedance, which is a function of capacitance and frequency, 
figure 3.3(c).
Resistor-capacitor networks in parallel have real and imaginary 
components of impedance and both are a function of the capacitance 
and frequency. Their frequency response in the complex impedance 
plane takes a semicircular shape as shown in figure 3.3(d) and 
3.3(e).
In fact elimination of w in equation 3.20 leads to equation of 
a circle (62) .
1 2  2 R2 3 Z1 - (R1 + ~  R2) + (Z,f) = (-y- ) - 3.23
1with a radius of R2> tbe centre of which lies on the Z1 axis 
X
at Zo’ = R^ + 2 R2 as shown in figure 3.3(e). The high frequency 
intercept gives R^ the series resistance, whereas the low frequency 
intercept yields the sum of R^ + R2»
In simple terms what this means is that at high frequency the 
capacitor conducts the current easily, consequently the impedance is 
solely due to the series resistance R^, whereas at low frequencies 
the current flow via the capacitor is impeded hence the current 
flows through R^ and R2> and the impedance is given by the sum of 
the two resistors R^ + R2. At intermediate frequencies the impedance 
takes a value somewhere between R^ and R^ + R2 and has both real 
and imaginary components giving rise to the semicircular shape.
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3,5 IMPEDANCE DIAGRAMS
3.5.1 INTRODUCTION
Thus far the basic AC impedance theory was given. It was 
also established that electrochemical processes can be viewed as 
a combination of passive electrochemical circuit elements and can be 
represented by a purely electronic model in which each circuit 
element corresponds to a certain electrochemical process.
How then does one .go about obtaining the values of the individual 
circuit elements from the impedance data?
The way this is done in: practice is by plotting the impedance 
data in different forms. These can then be used to extrapolate and 
obtain the individual components, which make up the electrochemical 
system under test.
Different ways of plotting the impedance data will be presented 
and their advantages and disadvantages discussed. Other ways of 
manipulating impedance data will also be mentioned.
For the sake of simplicity the impedance plots for the 
capacitor-resistor in parallel with a series resistor network, 
figure 2.9b, will be considered in some detail. The reason for this 
is twofold:
i) The frequency response of this circuit was carried out 
thoroughly in section 3.4'.
ii) Many of the electrochemical systems encountered in practice 
are actually modelled using this network.
The three fundamental ways of plotting the AC impedance data 
in electrochemistry are:
i) NYQUIST PLOT (Z" vs. Z') - COMPLEX IMPEDANCE PLOT
ii) BODE PLOT (Log (Z) vs. Log co)
iii) BODE PLOT (PHASE ANGLE $ vs. log to)
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3.5.2 NYQUIST PLOT
Figure 3.4 shows one popular way of presenting impedance data. 
This is a complex impedance plot known as the NYQUIST plot, which is 
also by some workers referred to as an ARGAND diagram (127). The 
imaginary component of impedance, Z", is plotted versus the real 
component of impedance, Z’, at each frequency point.
The. series resistance R^ is obtained simply from the high 
frequency intercept where the following condition arises
High frequency: ZM -+ 0 and Z’ -+ R^
Similarly the low frequency intercept gives the sum of R^ and R2.
Low frequency: Z" -> 0 and ZT -> R^ + R2
Knowing the value of R^ the parallel resistance R2 can be
obtained.
Determination of the value of the capacitance is rather more 
elaborate.
At the apex of the semicircle in figure 3.4 the following 
condition arises
max
Knowing the frequency which is responsible for the
condition described by equation 3.24 and the value of R2 the value 
of the capacitance can be determined.
Zf - R1 = Z" 3.24
from equations 3.21 and 3.22
3.25
it follows that
1 3.26w C R,max.
where w = 2 tt f max
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It is possible, therefore, to obtain all three parameters 
(Rl, R^, and C) from a complex impedance plot as shown in figure 3.4, 
provided a sufficient frequency range is investigated.
The parallel resistance R2 can also be determined from the 
maximum value of the phase angle, ^max > and tbe corresponding 
value of |Z| according to equation 3.2.7.
R2 = 2 | Z | tan (J) max 3.27
3.5.3 THE BODE PLOTS
Figure 3.5 shows two forms of BODE plot commonly used to 
present impedance data (127). The solid line plots the logarithm 
of the modulus of impedance, log jz|, versus the logarithm of 
angular frequency, log w, whereas the broken line follows the plot 
of the phase angle, <f>, versus the logarithm of angular frequency, 
log w. This format enables one to examine both the absolute impedance, 
|z|, and the phase shift, <{>, of the resultant waveform as a function 
of frequency.
As indicated in figure 3.5, the log |zj versus log or curve can 
yield values of R^ and R^ + R2 from high and low frequency intercepts 
of the plot, respectively. At intermediate frequencies, the "break 
point" of this curve is a straight line with a slope of -1. Extra­
polation of this line to the log |z| axis at w = 1 (log w = 0) can 
be used to calculate the value of the capacitance C from the 
relationship
C — |^ | ~ 3.28
The plot of log (f> versus log or yields a peak at a frequency 
corresponding to wmax* Thus, u>max is the angular frequency, in 
radians, where the phase shift of the response reaches a maximum.
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Figure 3.5 Bode Plots For a simple electrochemical 
one time constant system ,
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The capacitance can be calculated from the following equation
R,2
R. 3.29max 1
where w = 2 it f maxmax
3.5.4 SOME ADVANTAGES OF THE BODE PLOT OVER THE NYQUIST PLOT
Although the Nyquist plot allows determination of series 
resistance, R^, parallel resistance, R2,and the systenfs capacitance,
C, the capacitance values obtained from equation 3.26 are very often 
inaccurate.. This is because the condition described by equation 3.25 
i.e. frequency at which ZM is a maximum rarely arises, unless a 
very large number of frequency points are used. In practice it is 
desirable to use as few frequency points as possible in order to 
avoid long measurement times, especially in the low frequency range.
This is where the Bode plot is a very useful alternative to the 
Nyquist plot. Figure 3.5 shows the ease with which the capacitance 
values can be extrapolated from the intermediate frequency region,
i.e. the straight line with a slope of -1. + R^ can be easily
obtained from the low frequency plateau region. Also xhe log | z| 
versus log co plot can sometimes allow a more efficient extrapolation 
of data from the high frequency region. Furthermore all three 
extrapolations can be made with few experimental points. Bode plots, 
of multi-component systems very often allow much more clear identification 
of the individual component steps than the Nyquist plot as will be 
shown in section 3.5.4.
The Bode plot format is desirable when data scatter precludes 
adequate fitting of the Nyquist semi-circle. It also provides a 
clearer description of the electrochemical system’s frequency- 
dependent behaviour than the Nyquist plot, where frequency values 
are explicit (127).
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3.5.5 OTHER TYPES OF DATA PRESENTATION AND ANALYSIS
Since it is often difficult to determine the correct semi­
circle through the experimental points, especially if there is a 
significant scatter in the data, linear plots are often employed (127). 
A plot of Zf versus w Z" according to equation 3.30
Z1 = Rt + R 2 - R2 Cw  Z" - 3.30
leads to a straight line with a slope of -R2 C and an intercept 
of R^ + R2 for ^  0 as shown in figure 3.6.
If Z’ is plotted against Z"/w according to equation 3.31
Z" = R + — - 3.311 0) R0 C
R^ can be obtained from the intercept at Z"/co = 0 as shown in 
figure 3.7.
The capacitance can be determined from the slopes of the 
straight lines as indicated in figures 3.5 and 3.6 or from Z' versus 
0 Z" plot at Z’ = R^, since at this point ui Z" = 1/C. Similarly for
t 2a ZT versus Z'Vw plot at Z' = R^ + R2 the value of ZM/o) - R2 C.
3.5.6 IMPEDANCE PLOTS OF MULTI-TIME. CONSTANT ELECTROCHEMICAL 
SYSTEM.
In some electrochemical processes there is more than one rate 
determining step. Each step represents a system’s impedance component 
and contributes to the overall reaction rate constant. The AC 
impedance experiment can often distinguish between these steps and 
provide information on their respective rates or "relaxation times" 
(127).
— * / z
Figure 3,6 A plot of Z’ versus wZ" (127).
Z '
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Figure 3.8(a) shows a Nyquist plot of a system modelled by 
an equivalent circuit shown in figure 2.9(c). Close inspection1 
reveals two semi-circles. Since one semi-circle can be much 
smaller -than the other, it is sometimes difficult to recognise 
this multi-time constant feature. The Bode plots for the same - 
model are shown in figures 3.8(b) and 3.8(c). The break points 
associated with each limiting step can be clearly identified.
The same procedure as described for the one-time constant 
system in sections 3.5.2 and 3.5.3 can be used to extrapolate and 
obtain the individual circuit elements, which make up the mutli- 
component system.
The Nyquist plot of a system containing an WARBURG impedance 
component as modelled in figure 2.9(d) is shown in figure 3.9.
In certain instances the WARBURG impedance is a pronounced component 
of the equivalent circuit model. This is often very useful information 
when one is elucidating a reaction mechanism.
Figure 3.9 Impedance plot in the complex plane for a simple 
electrochemical reaction (128).
Diffusion control is indicated by a slope of or -| in the linear 
portion of the Bode plot.
72
A very useful representation of such behaviour is one using
a RANDLES plot. Figure 3.10 shows an idealized RANDLES plot of Z’
versus to 2 for a diffusion controlled system.
t
(ohms)
Figure 3.16 Idealized RANDLES plot for a diffusion-controlled 
system (127) *
In this case both Z1 and Z" are equal and are linear functions 
_JLin (D 2, the WARBURG impedance.
For a completely reversible system under pure diffusion control 
the mass transfer (or WARBURG) impedance, |z|w is given by equation 
3.32
/To 3.32
where a = the WARBURG coefficient, from which the diffusion 
coefficient may be calculated. Thus the linearity and slope of the 
RANDLES plot can be used as a test of diffusion control and in 
certain cases the WARBURG diffusion coefficient can also be calculated.
3.5.7 SUMMARY
i) An electrochemical system very often can be made up of many 
reaction steps and processes,which can be represented by a combination 
of passive electrical circuit elements, i.e. resistance, capacitance 
and indue t an c e.
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ii) Alternating current impedance techniques allow the researcher 
to dwell on the established AC circuit theory to characterise the 
electrochemical system in terms of its "equivalent circuit".
iii) Different ways of manipulating the impedance data, present 
the researcher with a very convenient way of obtaining the values 
of the individual electrical elements of the electrochemical system 
under investigation.
Some of the ways of presenting the data obtained by frequency 
response methods have already been discussed in this chapter, 
however many others exist. Some of these are listed below and are 
presented for a number of possible equivalent circuits in figure 3.11
i) COMPLEX ADMITTANCE PLOTS
ii) COMPLEX CAPACITANCE PLOTS
iii) COMPLEX PERMITTIVITY PLOTS
iv) SUSCEPTIBILITY PLOTS
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y  C* \(u>) Comment's
Figure 3.ll Schematic representations of the properties of 
simple circuit combinations of ideal, frequency-independent 
elements of capacitance C, conductance G or resistance R, 
and inductance L, as shown in the first column. The second 
column gives the complex impedance plot Z, the third the 
complex admittance plot Y and the fourth the complex capacitance 
plot C*. The fifth column gives the corresponding plots of 
log GT (to) (solid lines) and log C" (w) (dotted lines), against 
log to. Comments refer, where appropriate, to simple physical 
significance of the various models. Arrows indicate the sense 
of increasing frequency. Where more than one contour is shown, 
these refer to varying ratios of the respective components or 
time constants (129)«
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4. INSTRUMENTATION - TECHNIQUES OF MEASUREMENT
4.1 INTRODUCTION
The Alternating Current Bridge Techniques have been applied 
since the very beginning of AC Impedance studies of electrochemical 
cells. The most popular of these methods is perhaps the WIEN bridge 
(128,130) shown in Figure 4.1, which essentially consists of a 
WHEATSTONE bridge network with series resistance and capacitance 
standard variables, which are used to balance the cell impedance.
Fig. 4.1Ac bridge according to SLUYTEE.S et al (128) R^, R^
ratio arms; R , compensating resistance; C compensating s s
capacitance; VTVM, vacuum tube voltmeter; TA, tuned
amplifier; 0, oscilloscope: C’, de blocking condensers;
R , R1 ,;C and C’ , Wagner arms.W W W  w
The bridge techniques have been used extensively to measure^ electrode 
impedance in the frequency range between 10Hz and 10kHz and have 
been adapted for measurements at higher frequencies by using various 
means to compensate the series inductances of the circuit. Although 
bridge techniques are known for their high accuracy of measurement 
and are still the most fovoured method for high frequency work
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(usually above 100kHz), they suffer from two major disadvantages.
Firstly, the operation of an AC bridge is manual and therefore 
tedious and time-consuming and secondly it can hardly be automated.
These two reasons have prompted the electrochemist to seek reliable 
electronic instrumentation, which could be employed to carry out 
AC impedance measurements.
The impedance at an imposed frequency can be defined by the 
magnitude of the impedance vector, |z|, and the phase angle (J), as 
given by equation 3.6, or the resistive, Re(f), and reactive, Im(f), 
components of impedance as defined by equation 3.7. Instrumentation, 
which lends itself to measurement of these parameters works on the 
principal of phase sensitive detection. LOCK-IN AMPLIFIERS sometimes 
also known as LOCK-IN ANALYZERS have often been used as phase 
sensitive detectors (131,132) at frequencies from 1 Hz to a few 
tens of kHz. Phase sensitive detection techniques have eliminated 
to some extent the problem of slowness and tediousness associated 
with the bridge techniques at the expense of accuracy (about 3%), 
however the technique still remained a manual one until recently.
Transition from manual experimentation to one involving computer 
control and the advances made in the field of microelectronics, 
have had two very important repercussions. First, the problem of 
tediousness and slowness of obtaining impedance data characteristic 
of the bridge and early lock-in amplifier techniques have been. 
eliminated. Secondly, it enabled the electrochemist to get at information 
in the low frequency range that otherwise would be impossible if 
attempted manually. For example modern digitized measuring techniques 
such as transfer function analysers (TFA) make it possible to 
measure impedance very accurately at frequencies down to 10 4Hz and
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more recently as low as 10 Hz (133). An impedance measurement
covering several decades of frequencies can thus be obtained in
a few minutes as compared with hours or even days of work using the
older techniques (134); however impedance measurements right down 
-4to 10 Hz can still take several hours.
Traditionally the-perturbation signals have been pure sinusoidals, 
because the mathematical analysis is then relatively simple (1.34,135,136) 
The modern impedance measuring devices use pure sinusoidal perturbation 
signals and sequential frequency scanning (frequency domain measurements) 
which means that at any one time only one frequency is applied to 
the system. Several frequency scans have to be performed to get a 
complete data array. The measurement may take several hours, but 
the method is relatively straight-forward and simple.
Another approach is to make time domain measurements using the 
Fast Fourier Transform (FFT) algorithm. Several different perturbation 
signals can be applied simultaneously to the electrochemical cell.
The time response is obtained by cross-correlation and transformed 
into frequency response by digital mathematical operations in the 
central processor of a computer (i.e. an appropriate form of Fourier 
analysis). Thus it is possible to characterise in just a few seconds 
the impedance spectrum at all frequencies of interest simultaneously 
at a particular dc potential. The impedance spectrum can then easily 
be scanned as a function of dc potential to obtain a complete data 
set (137) .
The AC impedance system in this work is based on the 5206 LOCK- 
IN ANALYZER interfaced via an IEEE-488 interface bus to APPLE II 
microcomputer. The system is capable of performing impedance 
measurements from 100 kHz down to 0.1 Hz. Thus four different methods
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of measurement have been reviewed, however, it ought to be mentioned 
at this stage that many different experimental arrangements for 
impedance measurements exist, depending on the nature of the electro­
chemical cell being investigated. In the field of corrosion and 
coatings evaluation three experimental arrangements are commonly 
used. Before critical assessment of these experimental arrangements 
can be undertaken, in order to decide which is the most suited for 
the work in this thesis, it is felt necessary to describe what is 
meant by phase sensitive detection and discuss briefly some features 
of the 5206 LOCK-IN ANALYZER.
4.2 PRINCIPLE OF PHASE SENSITIVE DETECTION (WHAT IS A LOCK-IN ANALYZER)
A LOCK-IN ANALYZER is basically a narrow band filter (138,139,140). 
The centre frequency of the filter is determined by a reference 
which modulates, or "chops", the signal of interest. The modulated 
signal is fed through the filter, and the rectified output is 
smoothed by an RC integrator with a variable time constant.
The overall filters bandwidth as determined by the time constant 
can be made much narrower than the bandwidth of conventional filters. 
This narrow bandwidth allows measurements to be made even in the 
presence of noise, which is many orders of magnitude larger than the 
coherent signal. (Coherent signal is defined as any signal locked 
in frequency and phase to the reference signal.) The output of a 
lock-in analyser.is a dc voltage which is proportional to both the 
average level of the coherent signal and to the phase shift between 
the input and reference signals. The output of a lock-in analyzer 
can also provide a dc voltage proportional to the phase difference 
between the input and reference signals.
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. An ideal response curve of a lock-in analyzer is shown in 
Figure 4.2. Signals outside the bandwidth set by the time constant 
are reduced to zero, while those within the bandpass are 
unattenuated. Thus only that part of the total signal (including 
noise) which has the same frequency of fluctuation as the refernece 
frequency is amplified.
A
Gain
!
BANDWIDTH 
<- SET BY RC
TIME CONSTANT
REF
Frequency
Fig. 4.2 Frequency-amplitude response of an ideal lock-in 
amplifier (140).
A lock-in analyzer is used in applications where signal results 
from.the application of an ac stimulus to a system under test as 
shown in Figure 4.3
Fig. 4.3 Typical application of a lock-in analyzer (139).
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In short a lock-in analyzer (or phase sensitive detector) is 
a device that compares two sinusoidal signals to yield an output 
that can be used to obtain the phase difference between the signals 
and the ratio of peak amplitudes. This is all that is necessary 
to define the impedance of the system and this method is becoming 
increasingly popular in ac electrochemistry.
4.3 5206 TWO-PHASE LOCK-IN ANALYZER
The 5206 LOCK-IN ANALYZER is one of the latest lock-in amplifiers 
manufactured by E G & G PRINCETON APPLIED RESEARCH COMPANY. This 
lock-in ANALYZER is sine wave responding and is invaluable for 
measuring signal intensities and phase shifts - especially in the 
presence of noise. This is all that is required to define the 
impedance of an electrochemical system. The simple 5206 LOCK-IN 
ANALYZER block diagram is shown in Figure 4.4 (140)
SIGNAL I  
INPUT
REFERENCE 
INPUT “
PREAMP
F L A T  o
b' p a s s — °
LO PASS —o 
—  HI PASS—o 
L-N O TC H  o
REFERENCE
CHANNEL
INTERNAL
OSCILLATOR
0°
90°
'— M 0D E (f,2 f)
—- PHASE 
(0-360°)
FREQ.
METER
T T
IEEE-488
RS-232C
FRONT II P
PANEL l± r
(SINGLE OR 
DOUBLE SECTION 
RC PROVIDED)
L = 0  H >
— TsTlTi
fsTHl-
- f s TTT] ° EXT.
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PLEXER
A /D
D /A
D /A
D /A
D /A
D /A
D /A
D /A
-+ CHANNEL 1 
-> CHANNEL 2 
-> ZERO OFFSET 1 
-> ZERO OFFSET 2 
-> INTERNAL 
-» INTERNAL 
INTERNAL
Fig. 4.4 Model 5206 Lock-in Amplifier block diagram (140).
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Its first most important feature is that it is a first 
commercial lock-in analyzer that can be fully controlled by a 
computer. The unit has a built in microprocessor, analogue-to-digital 
(A/D) converter and a number of digita.l-to-ana;logue (D/A) converters, 
which not only make it "SMART", but also simple to operate.
An optional digital interface allows its total programmability 
(via RS232C or IEEE-488) and tallc-listen operations with other 
devices on the IEEE bus. Controllable functions include sensitivity 
ranges, time-constants, phase shifts, operating frequencies, zero- 
offset, dynamic reserve, display modes and more. Also available 
are auto-phasing, auto-ranging, auto-normalising and auto-offsetting 
modes. When its autofunction mode is enabled this instrument can:
i) Automatically adjust its full-scale sensitivity to match 
the signal of interest,
ii) Set a given output amplitude to represent 100% of full
scale, then read out its signal levels as a percentage of 
the full scale,
iii) Institute an output dc offset so that a given signal 
amplitude will be displayed as zero volts.
The instrument incorporates digital and analogue displays. A 
large four digit display presents measurement results conveniently 
in volts, degress, dB's. Also displayable are operating parameters 
such as internal oscillators frequency, dc output suppression and 
phase-shifter settings. Hie two analogue meters augment the 
digital display to allow trend-following. All display functions are 
under pushbutton control. Moreover, all processing, data transfer, 
display modes and commands associated with the front panel pushbuttons 
can be controlled by a computer through the optional digital interface 
card.
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The second most important feature is that the two mixer channels 
within the model allow simultaneous read-out of in phase (X) arid 
quadrature (Y) components of the resultant magnitude (R) and phase 
angle ((f)) . Full scale sensitivity rangesfrom 100 mV to 5 V rms , 
and operating frequencies span from 0.2 Hz to 100 kHz.
Thirdly the unit has a built in oscillator, which can be controlled 
by a computer. This alleviates the need for a separate oscillator 
to provide the reference signal.
SOME IMPORTANT SPECIFICATIONS
i) INPUT IMPEDANCE:- AC coupled 100 Megohms shunted by 40 pF
ii) INPUT MODES:- Single ended (A) or true differential (A-B)
iii) MAXIMUM DC IMPUT:- ±100V
iv) FREQUENCY RANGE:- Determined by plug in cards
a) BB (broad-band) :- 2 Hz -»• 200 Hz
b) AF (audio frequency):- 10 Hz -+ 20 kHz
c) LF (low frequency):- 0.2 Hz 1 kHz
(All are included)
v) ACQUISITION TIME
a) 5 seconds (Max.) at frequencies =S100Hz
b) 18 seconds (Max.) at 10 Hz
c) 60 seconds (Max.) at 1 Hz
4.4 EXPERIMENTAL ARRANGEMENTS FOR AC IMPEDANCE MEASUREMENTS
Choosing the right? experimental arrangements for the electro­
chemical system at hand can be a difficult task. A number of 
experimental circuits, which are commonly employed in ac impedance 
studies exist. The three most important are shown in Figure 4.5 (57,63). 
The type of arrangement employed depends strongly on the nature of the 
electrochemical system being investigated.
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The type of impedance and the magnitude of impedance will be 
dictated by the properties and the nature of the electrode/electrolyte 
interface. For example in the case of polymer coated metal electrodes 
the type and magnitude of impedance will be dictated by the
dielectric properties and the ionic resistance of the polymer film.
In the case of uncaoted metal electrodes, 'the measured impedance will 
depend on two things:
i) The distance between the metal electrode and the HELMHOLTZ 
double layer.
ii) The properties of the corrosion products on the surface and 
in particular to what extent they will "impedd' the change 
transfer processes.
Any electrochemist wishing to perform ac impedance measurements 
must first of all closely scrutinize the electrochemical system to 
be investigated, and ask the following questions, before actually 
choosing the experimental circuit:
1. What magnitude of impedance is one likely to be measuring
in the electrochemical system?
2. Is potentiostatic/galvanostatic control necessary?
3. Is the experimental arrangement capable of measuring the 
impedance of the electrochemical cell with satisfactory 
degree of accuracy?
4. What range of frequencies is to be employed in order to 
full define and map out the relaxation processes present 
in the experiment?
Having carefully considered and satisfactorily answered the above 
questions one can then proceed to choosing the appropriate experimental 
arrangement to suit the experiment at hand. Perhaps the best way of 
demonstrating how to go about deciding, which experimental arrangement 
to use is to actually consider some examples.
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(a)
(b)
(c)
Figure 4.5 Block diagrams of the possible A C 
Impedance measuring circuits (63).
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Figure 4.6 (a) Impedance data for coal tar epoxy on mild steel (57).
Figure 4.6 (b) Complex plane plot for iron in tapwater (61).
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Consider the following examples shown in Figure 4i6:
i) Coal tar epoxy on mild steel in 3% NaCl solution 
(figure 4.6(a)) (57).
ii) Iron electrode in tap water (figure 4.6(b)) (61).
The values of the capacitance and parallel resistance for the 
two examples, obtained from the Nyquist plots by the method described 
in section 3.5.2, are tabulated in table 4.1
TABLE 4.1
EXPERIMENT CAPACITANCE
T? "2F cm RESISTANCE in cm2
TIME-CONSTANT
1 day ; 120 x 10~12 <107 CAPACITIVERESPONSE
6 days -12 125 x 10 1 <107 CAPACITIVERESPONSE
13 days -12 130 x 10 ' 1.8 x 107 2.34 x 10“3
29 days -12 150 x 10 1 8.6 x 106 1.29 x 10~3
164 days -12187 x 10 1 7.0 x 106 1.309 x 10"3
194 days 202 x 10~t2 5.1 x 106 1.030 x 10"3
2.5 hours 171.13 x 10~6 
at 0.31 Hz
3.0 x 103 6.366 x 10 ^
4.5 hours 168.42 x 10"6 
at 0.63 Hz
1.5 x 103 2.526 x 10"1
7.5 hours 57.04 x 10"6 
at 2.79 Hz
1.0 x 103 5.704 x 10~2
Most polymeric materials have a value of dielectric constant
between 1 and 10. Talcing a value inbetween, say eT =5, and
assuming a coating thickness of 30 pm, the capacitance of this
2coating for an area of 1 cm can be calculated using equation 4.1 (74)
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Q _ £ ^ 4.1
where C = capacitance (Farads)
e* = dielectric constant of material
- 1 2  - 1Eq = permittivity of free space 8.854 x 10 Fm
A = area (m2)
d = thickness (m)
Similarly, consider a metal electrode whose area is 1 cm2 ,
The actual surface area may be assumed to be one or two orders of 
magnitude greater, because of surface roughness effect. The distance 
between the inner HELMHOLTS double layer and the metal electrode is 
in this case orders of Angstroms, say 100&, rather than micrometers 
and the dielectric constant of the medium can be assumed to be that 
of water e1 = 80 (141).
Table 4.2 shows how, by means, of equation 4.1, with a few 
assumptions regarding the nature and properties of the electrode/ 
electrolyte interface, the capacitance of an electrochemical system 
can be predicted qualitatively.
TABLE 4.2
MATERIAL DIELECTRICCONSTANT
eT
THICKNESS
(d)
(m)
EFFECTIVE 
AREA 
(m2 )
CAPACITANCE 
(F cm-2)
POLYMER 
ON METAL 5 0
0 o X O I -
io 147.56x10*"12
METAL 80
COIo o
1 Oo 70.832x10~6
Comparison of capacitance values in Tables 4.1 and 4.2 shows very good 
agreement between calculated and experimentally obtained capacitance 
values.
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Although the resistance values cannot be predicted theoretically,
generally speaking the charge transfer resistance of metal electrodes
4m  solutions, assume values much lower than 10 ficm2 . However, there
are some highly corrosion resistant alloys such as stainless steels,
which can have extremely high values of charge transfer resistance
in excess of 10 ftcm2 (142). On the other hand the ionic diffusion
into polymer coatings is slow and consequently these coatings have
6very high resistance, greater than 10 ft cm2 and in certain cases 
9even exceeding 10 ft cm2.
One can now proceed to answering the questions listed in the 
introduction to this section:
1. (a) Polymer coated metal/electrolyte system:
Small capacitance 10 9 -+ 10 ^  F. cm 2 
High resistance R »  10 ft cm2 
Therefore very high total impedance.
(b) Metal electrode/electrolyte system;
-2 -5 -2Large capacitance 10 - 10 F. cm
4 2.Low charge transfer resistance R »  10 ft cm '
Therefore low total impedance.
2. (a) Polymer coated metal/electrolyte system:
Potentiostatic/Galvanostatic control may be used.
(b) Metal electrode/electrolyte system:
Potentiostatic/Galvanostatic control almost always necessary.
3. (a) Polymer coated metal/electrolyte system:
Very high impedance therefore use of high impedance 
interface required.
(b) Metal electrode/electrolyte system:
Low impedance therefore low impedance circuit may be used.
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4 (a) Polymer coated electrode/electrolyte system:
—  1Time constant T = 10 - 10
-2Fast processes, therefore high frequencies used 10 Hz - 
106 Hz .
(b) Metal electrode/electrolyte system:
4 — 1Time constant T = 10 - 10
Slow processes therefore low frequencies used 10  ^- 
103 Hz .
This last point is not really a very important consideration, 
because most modern equipment is capable of measuring impedance 
over a very wide frequency range, therefore usually one makes use 
of the whole frequency range. After all the main object of ac 
impedance measurements is to provide kinetic and mechanistic information 
of the electrochemical system by separating the individual processes.
Bearing these answers in mind one can proceed to the following 
summary.
AC impedance studies of metal electrode/electrolyte systems 
more often than not make use of Potentiostat/Galvanostat three 
electrode circuit as shown in Figure 4.5(c). The most important 
reason for this is the necessity to control the potential or the 
current density of the metal electrode, as the case may be, with 
respect to a reference electrode.
The most important factor governing the choice of experimental 
circuit for ac impedance studies of polymer coated metal electrode/ 
electrolyte systems is the very high impedance of these systems.
This fact makes use of circuit shown in Figure 4.5(a) unsuitable, 
since the impedance of these systems often approach and sometimes 
exceed the input impedance of the measuring instrumentation. Thus
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an arrangement, which provides a high impedance interface between 
the equipment and the impedance ceil is needed. Both circuits, 
shown in Figure 4.5(b) and (c) provide such an interface; however 
there are two very important reasons why the circuit based on the 
operational amplifier as shown in Figure 4.5(b) was chosen for the 
work in this thesis.
Firstly, galvanic action through the polymer coating may not 
be present and when it is the resistance of the coating may be so 
high that adjustment of current and/or potential on the potentiostat 
may be impossible.
Secondly, the frequency response of commercially available 
potentiostats is usually poor, which leads to phase shifts at high 
frequencies as shown in Figure 4.7 (63). This situation is unaccept­
able, because it is the high frequency region in the Bode plot,
Fig. 4.7 Frequency dependence of phase angle (j) measured for a 
1000 resistor with different potentiostats (63).
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which facilitates very accurate measurement of the system's capacitance 
as discussed in section 3.5.3. In complete contrast experimental 
arrangements based on operational amplifiers may be designed to be 
free of any phase shifts up to 10^  Hz.
4.4.1 EXPERIMENTAL OBJECTIVES
This review has shown that the greater the impedance of the 
coating the greater the difficulty in making satisfactory measurements 
using conventional equipment. Modern, thick coatings produced by 
powder spray techniques do have high impedances, which would require 
special high impedance interface for the making of suitable measurements.
It is intended therefore to develop an ac impedance system 
capable of performing very accurate measurements of system's capacitance 
and resistance. It is proposed to provide the ac impedance system 
with a high impedance interface based on operational amplifiers fitted 
with special peripheral devices, which will thus enable very accurate 
measurements of capacitance and resistance in excess of 1 Gohm. The 
ac impedance system will be calibrated with "dummy cells" made up 
of carefully selected resistors and capacitors and its performance 
will be compared with potentiostat based and commercial impedance 
systems. In cases where polarization potential may be required, 
use will be made of potentiostat based impedance circuit. Otherwise 
all measurements will be carried out using the operational amplifier 
arrangement.
The section which follows, describes the operational amplifier 
circuit.
92
4.5 OPERATIONAL AMPLIFIER CIRCUIT
The'operational amplifier is probably the most versatile circuit
available to the electronics engineer (143). In this application it
is used as an inverting amplifier, but before actually considering
the circuit some of its electrical properties and the mode of operation
will be looked at.
An operational amplifier has a very high gain (usually greater 
5 5 8than 10 ; K = 10 ■+ 10 ), low output impedance and a very high input
12impedance of 10 ^ . It has two inputs: an inverting input signified
by the minus sign in the triangular schematic symbol as shown in 
Figure 4.8 and a non-inverting input signified by the plus sign in 
the symbol (144).
OUTPUT
Fig. 4.8 SCHEMATIC SYMBOL OF OPERATIONAL AMPLIFIER (144).
Probably the most important thing to remember about the operational 
amplifier is that whenever some of the output is fed back to the 
inverting input (negative feedback) the measured voltage on the inverting 
and noninverting input will be the same. The output of the operational ampli­
fier will source or sink the necessary current, to keep these voltages the 
same. In the inverting amplifier circuit shown in Figure 4.9 the 
noninverting input is grounded. Therefore the inverting input is 
grounded and the inverting input will be held at zero volts. Since 
the inverting input is at zero volts, but not actually tied to ground 
it is sometimes referred to as a "virtual ground".
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Io  Rs
°(v)
Fig. 4.9 INVERTING AMPLIFIER CIRCUIT (144).
How does one then measure the impedance of the cell | Z| using 
the above circuit?
The output voltage V • and input voltage V are related by
X Y
equation 4.2 (144)
Vx = - IC VY 4.2
where K = 103 to 108
Because the input impedance of the amplifier is very high,
12 .  . . .i.e. 1u , essentially there is negligible current I or
I —  0
Therefore by KIRCHHOFF'S current law
I. - i 4.3
where
T _ Y  ~ V
i fzl
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V ~ Vy
1 = — p---- 4*5o R
Consequently
vx - V V - vY
4.6Z R1 1 s
Noting that Vx = -K Vy equation 4.6 can be written as:
VY = _ ( i  + M  + M )  vx 4.7x K KR R xs s
Since K is a very large number the first two terms in the
equation can be neglected, leaving:
Vy = - VX • 4.8
s ■ *
Equation 4.8 can also be obtained simply by substituting V = 0
in equation 4.6, since the noninverting input is grounded therefore
V = 0.
From equation 4.8, it can be seen that the output voltage V x 
is equal to the input voltage Vy, times the constant (— | Z.| /Rg) , 
which is negative. Since AC impedance studies employ alternating 
current the sign is irrelevant and equation 4.8 can be rewritten as:
v x|Z.l = —   x R 4.9
\  s
Knowing the value of the standard "feed back" resistor (Rg) 
and by measuring Vx and Vy. at each frequency using the lock-in 
analyzer, the cell impedance |z| can be calculated. At the same 
time the lock-in measures the phase angle, (j), at each frequency.
These two parameters are all that is required to describe the impedance 
of the electrochemical system and therefore the appropriate impedance 
diagram can be constructed.
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(i) NYQUIST PLOT
X-axis Z' = |Z.| cos (})
Y-axis Z" = |z | sin <}>
(ii) BODE PLOT (MAGNITUDE OF IMPEDANCE)
X-axis Log w = log (2TTf)
Y-axis Log |Z.|
(iii) BODE PLOT (PHASE ANGLE)
X-axis Log go = log (2irf)
Y-axis cj)
Consider the impedance spectrum in Figure 4.6(a). The first
thing that comes to attention is that in ac impedance measurements
of polymer coated electrode/electrolyte systems one is often dealing
with very wide distribution of impedances as the frequency is changing,
9often stretching between several orders of magnitude, 0 - 1 0  ft
in the example quoted. With an input signal (V ) of 10 mV usually
Y
employed in ac impedance studies, one in theory should be able to 
determine the cell impedance |z| with just one value of standard 
resistance (Rg)» since the lock-in analyzer is capable of measuring 
output signal (V^ ) between 5V and 100 nV. However, the ratio of
the cell impedance to that of the standard resistor lz|/Rg, should 
be unity for highest accuracy (unit gain of one). Therefore as the 
cell impedance |z| decreases with increasing frequency, the value of 
the standard resistor should be adjusted accordingly, i.e. decreased, 
such that the ratio |Z. I/Rs is kept as close to unit as possible. *
To this end special resistance boxes were constructed, one 
housing 8 resistors ranging from 100 Mft -10 Q and the second one 
housing 32 resistors ranging from 100 Mft -50ft. These are selected, 
as required, under computer control, by means of specially self-made 
interface cords. The AC impedance system and its mode of operation is 
described in the next section.
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The AC impedance system developed for this work is based on 
the 5206 TWO-PHASE L0CIC-IN ANALYZER (AMPLIFIER) interfaced via an
IEEE-488 interface with APPLE II microcomputer. The system’s block
diagram and its photograph are shown in Figures 4.10 and 4.11 
respectively.
The system consists of the following components:-
1. PRINCETON APPLIED RESEARCH 5206 TWO PHASE LOCK-IN ANALYZER
-1(frequency range of 10 Hz - 100 kHz
2. APPLE H E  MICROCOMPUTER (64 K Bytes memory)
3. APPLE IEEE-488 GPIB INTERFACE CARD
4. IEEE-488 STANDARD INTERFACE CABLE
5. APPLE DISK DRIVE/CONTROLLER CARD
6. TWO APPLE DISK DRIVES I and II
(a) Disk drive I - Houses program diskettes
(b) Disk drive II - Houses data diskettes
7. PRINCE VIDEO MONITOR
8. FX-80 EPSON DOT MATRIX DIGITAL PRINTER
9. TEKTRONIX (INTELLIGENT) PRINTER INTERFACE CARD
10. TIME SWITCH (half-hour resolution)
11. SELF-MADE 8 RESISTOR and 32 RESISTOR (STANDARD RESISTANCE BOX)
12. SELF-MADE 8 CELL MULTIPLEXER
13. TWO SELF-MADE INTERFACE CARDS BASED ON 6821 P PERIFERAL INTERFACE 
ADAPTOR; This provides 16 and 32 (5 volts) outputs to drive the 
resistance boxes and cell multiplexer.
14. SELF-MADE OPERATIONAL AMPLIFIER CIRCUIT based on 741 and 3140E 
operational amplifiers.
15. PRINCETON APPLIED RESEARCH 363 POTENTIOSTAT/GALVANOSTAT.
4.6 AC IMPEDANCE SYSTEM
97
Figure 4.10 Block diagram oP the A C 
Impedance System.
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16. SELF-MADE SWITCH, which enables the measurement of and 
V at each frequency.X
17. SELF-WRITTEN SOFTWARE PACKAGES, which enable:
(a) EXPERIMENTAL SET UP
(b) EXPERIMENTAL EXECUTION
(c) DATA ANALYSIS (GRAPHICS PROGRAMS)
(d) DATA TRANSFER TO THE MAINFRAME COMPUTER
All the above hardware features present in the system permit 
its total programmability from the Apple II via the software packages.
The LCOK-IN and all the PERIPHERAL functions are monitored and 
appropriately optimized, while the experiment is in progress.
In this way the whole impedance experiment is efficiently and automatically 
executed.
4.6.1 MODE OF OPERATION
Operation of the ac impedance measurements can be divided into 
three stages:
i) SETTING UP THE EXPERIMENT
ii) EXECUTION OF EXPERIMENT
iii) DATA STORAGE and DATA REPRESENTATION
(a) SETTING UP THE EXPERIMENT
In this part.use is made of special setting up routines to 
store all the experimental variables and control parameters in text 
files on the program'diskette. These:include:-
1. Frequency points (entered from the keyboard one by one)
2. Number of frequency points.
3. Starting value of standard resistor.
4. Name under which data from the experiment is to be stored 
on the data diskette.
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5. The cell number.
6. Sensitivity limits between which readings are’ to be taken.
(b) EXECUTION OF EXPERIMENT
The main software prograni which is used to control and carry 
out the impedance measurements is called REV IMP PROGRAM. However 
there are several other support programs which deserve mention, whose 
primary task is to retrieve the information from the text files 
created during the setting-up operation and to set the appropriate 
functions on the peripherals such as the cell number, standard 
resistor and the operational amplifier. These are chained to 
each other and the main program by means of a machine-language 
program appropriately called "CHAIN".
When the system is "booted" either from the keyboard or by the 
time switch, the program loading and execution operation starts.
At the end of the loading operation the only program present in 
the computer’s memory is the main program, together with the 
experimental variables and control parameters retrieved from the 
text files, and stored in the computer’s memory as variables and 
arrays. This type of programming is very practical, because it 
saves a lot of computer's memory, which can be utilised to perform 
useful functions such as:
(a) Increase the number of data points, in this case the 
frequency points .
(b) To compute additional experimental data, for example in 
this case admittance data could be obtained together with 
the impedance data.
The first task of the main program is to initialize the IEEE 
card and set the appropriate control functions on the lock-in 
amplifier. These include:
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(a) Setting of the default functions by the clear command.
(b) Digital display to internal frequency.
(c) Analogue panel meters to R and 0 mode
R - magnitude of impedance r
0 - phase angle
(d) Dynamic reserve to normal mode.
The programme then loads the first frequency point and sets 
the switch to V position. At this stage further control functions 
need to be set. These include;
(a) The sensitivity limits
i) Upper sensitivity limit which corresponds to the 
amplitude of the signal chosen in the experiment
ii) Lower sensitivity limit
(b) Frequency dependent parameters such as time-constants and 
frequency bands as shown below:
FREQUENCY TIME-CONSTANT FREQUENCY BAND
F>20K Hz 300 m i  11 is ec Broad 200 Hz -> 200K Hz
10K Hz <F<20 K Hz 300 m illisec Audio 20 Hz -* 2OK Hz
2K Hz >F>10K Hz 300 millisec Audio 20 Hz 20K Hz
100 Hz <F<2K Hz 300 m illisec Audio 20 Hz 2OK Hz
5 Hz <F<100 Hz 1 sec Audio 20 Hz •> 20K Hz
0.1 HZ <F<5 Hz 10 sec Low 0.2 Hz 2K Hz
Now the program is ready to check on the sensitivity. If it 
is out of range the appropriate subroutine is called up which
1. Selects next highest value of standard resistor when 
sensitivity is less than the set lower limit.
2. Decrements standard resistor to its next lowest value 
when the sensitivity is greater than the set upper limit.
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This action is repeated until sensitivity is brought into range.
It ought to be mentioned at this stage that it is recommended practice 
to start the experiment from the high frequency end, where the time 
constants involved are very short so that the optimum value of 
standard resistor is found quickly if it happens to be way out of 
range.
The lock-in is now ready to take readings. Readings of the 
sensitivity range, amplitude of the output signal and the phase 
angle are taken and the switch is set to Vy position. The program 
then sets the sensitivity to the upper limit and readings are taken 
of the amplitude of the input signal and the phase angle.
Next frequency point is selected and the whole procedure repeated 
until all the frequency points have been covered. The IEEE card
is disengaged and the impedance parameter calculated. Impedance,
phase angle, frequency points and the number of frequency data points 
are stored on the data diskette, and also printed out together with 
numerous other experimental parameters, using a printing routine 
which is automatically called up at the end of the main programme.
The complete experimental cycle is summarized by flowchart 
diagrams in Figure 4.12(a). and Figure 4.12(b). The chosen sensitivity limits 
are: i) 10 mV upper limit
ii) 1 mV lower limit
(c) DATA PRESENTATION AND ANALYSIS
The main purpose of the software program in this section is to 
translate ac impedance data into terms that are meaningful for 
electrochemical work. This involves construction of impedance 
diagrams from which electrochemical values such as capacitance and 
resistance can be obtained. The plotting routines include:-
103
(a) NYQUIST PLOTS
(b) BODE PLOTS (MAGNITUDE OF IMPEDANCE)
(c) BODE PLOTS (PHASE ANGLE)
Other software programs enable:
(a) Formatting and transfer of data to the mainframe PRIME 
COMPUTER SYSTEM. Here advantage can be taken of the
many data processing and plotting routines available on the 
PRIME SYSTEM.
(b) Modelling of electrochemical systems.
The printout of the main software programs, which perform 
data acquisition can be found in Appendix A.
4.6.2 SELF BUILT SYSTEMS HARDWARE
The components, which make up the AC impedance system have already 
been listed in section 4.6. It is felt, however, that the systems 
hardware, which was purpose built to enable efficient and accurate 
impedance measurements to be carried out, deserves special mention.
The circuit diagrams of some of these more important hardware 
components will be presented in this section, others will be included 
in Appendix B. The self built hardware is listed below in the order 
in which it was constructed and implemented:
1. ELECTRONIC SWITCH
2. OPERATIONAL AMPLIFIER CIRCUIT
(based on 741 and 3 HOE operational amplifier)
3. STANDARD RESISTANCE BOX
(housing 8 resistors ranging from 100 Mft - 10ft)
4. TWO PROGRAMMABLE INTERFACE CARDS FOR THE APPLE H E  COMPUTER 
BASED ON 6821P PERIPHERAL INTERFACE ADAPTOR
a) first providing 16 (5V) outputs
b) second providing 32 (5V) outputs
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Figure 4.12(a) Flowchart oP the soPtware programs.
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SWITCH TO
. . .  X .................... ..............
S <— ,0
X
TAKES READINGS
........ ....
x <—
. . . _____ ___
-----  X + 1
* ..............
CALCULATES 
IMPEDANCE DATA
NO
STORES DATA
I
PRINTS DATA
END
Figure 4.12(b) Flowchart oF the software programs.
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6. CELL MULTIPLEXER
(enabling alternate impedance measurements to be carried out 
of up to 8 different electrochemical cells).
'The circuit diagram of the electronic switch is shown in Figure 4.1 .
The annunciator output from the APPLE'S game input/output connector 
drives two Reed type relays. The double pole double throw relay 
can be used to measure differential signals in applications which 
make use of the low impedance circuit of Figure 4.5.
The single pole double throw relay enables measurement of the 
signals from the operational amplifier circuit of Figure 4.5(b).
At any given frequency the electronic switch first provides the lock- 
in's single ended input with the signal from the operational amplifier 
circuit, before being triggered to provide the output from the 
lock-in's internal generator.
The original operational amplifier circuit was based on a 
single 3140E operational amplifier, however with the development of 
additional 5V outputs, its design was changed to that shown in the 
circuit diagram of Figure 4.1 4- The operational amplifier circuit 
consists of two operational amplifiers 741 and 3140E. The 741 
provides the output signal when the selected value of the standard 
resistance is equal to or less than 100 KQ. The 3140E is selected 
when the value of the standard resistance exceeds 100 Kfi.
The reasons for incorporating a variable standard resistance in 
the operational amplifier circuit have been discussed in section 4.5.
The circuit diagram of the standard resistance box housing 8 resistors 
ranging from 100 Mfi to 10^ is shown in Figure 4.15-. Three 
announciator outputs from the APPLE’S game input/output port are 
used to drive a 74L5138 decoder/multiplexer chip , which in turn 
provides 8 outputs. These are used to select the appropriate value 
of the standard resistance by means of single pole single throw relays.
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The standard resistance box housing 32 resistors and the cell 
multiplexer are based on a similar design to that of Figure 4.15.
Here the standard resistance and the cell number are selected 
directly by the outputs from the peripheral adaptor interface cards.
The circuit diagrams of these peripheral adaptor interface cards, 
the cell multiplexer as well as the standard resistance box, which 
houses 32 resistors, can be found in Appendix B.
It ought to be mentioned that in all cases the Reed relays and 
the light emitting diodes are driven by means of the BC182L transistor.
4.7 CALIBRATION OF THE SYSTEM
4.7.1 INTRODUCTION
Thus far, some experimentally determined capacitance and resistance 
values from "real cells" (57), were given in section 4.5. Inspection 
of the capacitance values in Table 4.1 shows, that in the case of 
polymer coated electrodes, one is dealing with very small values of 
capacitance, 120p F cm 2 and 202p F cm2 for exposure time of 1 and 
194 days respectively in the example quoted. This is not even an 
order of magnitude change. It was also pointed out in section 2.8 that 
disbondment of a polymer coating from a netal substrate is expected 
to be more directly related to the changes in the systems capacitance. 
Thus very accurate determination of the capacitance is of utmost 
importance, which may be quite difficult from the measurement point 
of view, when one is dealing with such small values'of capacitance.
The way to get round this problem is by exposing a large enought area, 
say 20 cm2, which would in the example quoted above, bring the 
capacitance values to 2400 pF and 4040 pF respectively. However, 
accurate measurement of capacitance may be further complicated when
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the coating develops very small resistance, which is not unreasonable 
when one is dealing with thin coatings on metals.
On the other hand, in other systems such as thick powder epoxy 
coatings on steel, one may be more interested in determining the i 
resistance, which in the case of these modern high impedance coatings, 
can be extremely high. Furthermore, some problems associated with 
different circuit arrangements such as, for example, presence of 
phase shifts in the potentiostat based system, have been discussed 
in section 4.5.
Thus, before any attempt can be made to measure impedance 
response of real cells, it should be recommended practice to simulate 
the expected behaviour of tie mal system with a series of dummy cells 
and in so doing carry out thorough calibration of the measuring 
circuitry.
4.7.2 RESPONSE OF DUMMY CELLS
The different circuit arrangements shown in figure 4.5(a),(b) and
(c), were calibrated by using a series of "dummy cells". The dummy 
circuits were based on the model shown in Figure 2.9(b), i.e. consisting 
of a series resistance (R^ ) and capacitance (C) - resistance (R2) in 
parallel network. Value of 100 ohms was chosen for the series 
resistance (R^ ) in all cases. The values of parallel resistance 
(R2) ranged from 10 KJLup to 100 Mg and the corresponding values of 
the capacitance (C), were selsected such that the time constant 
(R2C) was kept in each case at 10 3. This value of time constant 
enabled complete determination of the frequency response of these dummy 
cells within a frequency range of (5Hz to 100 kHz). The impedance 
data was presented in form of Nyquist and Bode plots and the 
experimental values of parallel resistance (R2) and capacitance (C),
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were determined from these plots in the manner described in sections
3.5.2 and 3.5.3. So obtained experimental values of parallel 
resistance an<^ capacitance (C) for seven such dummy circuits are
tabulated in Table 4.3
TABLE 4.3
Ri
—
TIME CONSTANT (RjC) = 10
Rz
 1A M r
= 100 ft in all cases
FIGURE 4.5(a) FIGURE' 4.5(b) FIGURE 4.5(c)
DUMMY
CELL
LOW IMPEDANCE 
CIRCUIT
P0TENTI0STAT OPERATIONAL
E = -500 mV AMPLIFIER CIRCUIT
R2=10K ft 
C =10~7F
R2 = 10.2 K ft 
| C=1.325x10“7F
R = 10.2 IC ft 
C=1.175x10“7F
R2 = 10.2 K ft 
C=4.267x10_7F
R2 = 100 K .ft 
C=10_8F
R2 = 100.8 K ft 
C=9.991x 10~8F
R2 = 101 .3 K ft 
C=9.848x 10~9F
R2 = 100.8 K ft 
C=1.039x 10_8F
R2 = 510 Kft 
C=2.2x 10~9F
R2 = 522 K ft 
C=2.240x10“9F
R2 0 519.75K ft 
C=2.230x10_9F
R2=518.2 K ft 
C=2.238x10~9F j
R2 = 1 M ft 
-9C= 10 F
R2 = 996 K ft 
C=1.211x 10"9F
; R2 0 1.017M ft 
C=1.004x10“°F
R2 = 9.96 K ft 
C=1,052x10_9F
R2 = 10 M ft 
C=10“1° F
R2 = 9.3 M ft 
C=3.418x10~1°F
R2 = 10.08 M ft 
C01.429x10“1°F
R2 = 10.08 M ft 
C=1.036x10~1°F
R2 = 47 M ft 
C=2.2x10~11F
R2 = 33M ft 
C=2.685x10_1°F
R2 = 46.92 M ft 
C=3.721x10~11F
R2 = 47.1 M ft 
C=2.153x10_1 1F
R2 = 100 M ft
-11C 0 10 F
R2 = 56 M ft 
-10C=4.357x10 F
R2 = 98 M ^ 
C=5.375x10~11F
R2 = 99 M ^
C=1 .022x10H  1F
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Inspection of experimentally obtained parallel resistance (R^ ) 
and capacitance (C) values in Table 4.3 show that the low impedance 
circuit of Figure 4.5(a) gives accurate values of both the resistance 
(R^ ) and capacitance (C) up to resistances of 0.5 Mft. This circuit, 
however, yields somewhat lower values of parallel resistance (R£) and 
higher values of capacitance (C) for dummy cells, whose resistance- 
values are greater than 1 Mft. This is not surprising, since the 
input impedance of the lock-in analyser is only 100 Mft. Circuit 
arrangements shown in Figure 4.5(b) and (c) provide a high impedance 
interface as discussed in section 4.4. One should therefore expect 
to obtain accurate values of parallel resistnace (R2) up to 100 M 
as indeed is the case, however the potentiostat based circuit yields 
somewhat higher values of capacitance (C) for dummy cells, whose 
parallel resistance (R2 ) is greater than 1 Mft. The circuit based on 
the operational amplifier, on the other hand, yields very accurate 
values of both parallel resistance (R2 ) and capacitance (C) for 
all dummy cells, whose parallel resistance (R2) values lie between 
100 Kft and 100 M ft.
The dummy circuit consisting of 100 Mft resistance in parallel 
-1 1with 10 F capacitance was employed to compare the performance of the 
operational amplifier circuit, potentiostat based circuit and 
commercial 386 ac impedance system manufactured by E.G.&G. PRINCETON 
APPLIED RESEARCH CORPORATION. The Nyquist plots of this dummy cell 
obtained from the experimental arrangements listed above are shown 
in Figure 4.16(a), (b) and (c). respectively and the corresponding 
Bode plots are shown in Figure 4.16(d) and (e). The resistance and 
capacitance values obtained from Figures 4.16(a), (b), (c) and (d) 
are tabulated in Table 4.4.
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TABLE 4.4
IMPEDANCE RESISTANCE CAPACITANCE
SYSTEM (MOHMS) (FARADS)
COMMERCIAL 386 AC 90 M n -104.993 x 10
IMPEDANCE SYSTEM
363 POTENTIOSTAT/ 100 M n 5.375 x 10"11
GALVANOSTAT SYSTEM
OPERATIONAL 100 M ft 1.022 x 10~11
AMPLIFIER SYSTEM
As can be seen from Figure 4.16(a) the Nyquist plot obtained from 
the commercial 386 AC impedance system is totally unacceptable, showing 
very significant scatter and the capacitance value obtained from the 
Bode plot of Figure 4.16(d) is more than two orders of magnitude 
greater than it should be as shown in Table 4.4. Although the impedance 
spectrum from the potentiostat based system appears to follow the 
theoretical line in Figure 4.1 (b) the capacitance value is five times 
greater than it should be. The impedance plots obtained from the 
operational amplifier circuit, on the other hand, follow exactly 
the contour of the theoretical lines in Figures 4.16(c), (d) and (e) 
and the capacitance value obtained from the Bode plot of Figure 4.16(d)
-1 -jis almost exactly 10 Farads.
The Nyquist plots of a dummy cell consisting of 10 Gohms resistance 
in parallel with .1 0 pF capacitance shown in Figure 4.17(a) and (b) 
compare the performance of the operational amplifier system and a 
commercial impedance system based on the SOLATRON 1250 series 
FREQUENCY RESPONSE ANALYZER. The impedance spectrum in Figure 4.17(a) 
apart from showing that the operational amplifier circuit is capable
Imag
inar
y 
E-jZ
 3 
Imag
inar
y 
E-jZ
 ] 
Imag
inar
y 
E-jZ 
]
115
Figure 4.
X10®
50: 
45: 
48: 
35: 
30: 
25: 
20: 
15: 
18: 
5: 
0j
9
Rt ^ 108 ohm 
R2 -  100 Mm
(c)
C s 10 pFaradsrm i'friT iti’iTijm-riTmp'mTmTTTi'nTTTnymT
2 3 4 5 8 , 7  8 9  18Seal t Z 3 xio7
a — —  388 A C Impedance System (commercial)
□    303 Potentiostat based Circuit
o -— —  Operational Amplifier Circuit
Nyquist Plots oP a high impedance dummy 
cell Por three impedance measuring systems
Ph
as
e 
An
gl
e 
(d
eg
re
es
) 
lo
gl
Zl
116
e. <d)
9i
gj AAAAAAAAi^Jffi
7 
ej 
5i 
4i 
3i
2i
M  a / art: A
AA
: <e)
nTn7i*ti-ixnitTfmTpirrTrmTTrn7rTTi,y'iTn“fTmTriTrisrTiT
0 5 10 15 20 25 30 35 40 45 50 55 60
> ii xia-1log V
386 A C Impedance System (commercial) 
363 Potentiostat based Circuit 
Operational AmpliPier Circuit
Figure 4.16 Bode Plots oF a high impedance dummy 
cell For three impedance measuring systems
117
Rl
C
H  h- 
R2
X108
55
1—1 50:
45:
1 40:
1—1 35:
=Jl 30:
<L. 
c5 25:
• i—i 2 0 :
cn
c?
£
i
15:
1 0 : j
5:
R1 = 100 ohms 
R2 = 10 Gohms 
C = 10 pParads
decreasing Frequency
- (a)
1 n i iryn i i | i i i i | f i i i-|-i i n-j r i t~T pm-]~m i | i m  | i i i i p i i r
0 1  2 3 4 5 6 7 8 9  10
X108 Real t Z'] X109
55 1 1 1 1 111 1 1 1 1 1111 in 1 11 1 1 1 in 1 1 1 1 1 1 1 1 1 1 1 1 111»1 1 » 1 1 1 1
(b)
"|"TTT"1 "j~T I I I I I 1 I I I I I I T| I I I I {•|T|-|-|TTI'r["nTI | I'm  f I I I r
0 1  2 3 4 5 6 7 8 9 10 11
Real [ Z'] X109
a ---- Operational AmpliPier Circuit
□ Solatron 1250 A C Impedance system
Figure 4.17 Nyquist Plots comparing the perPormance 
oP the Op. Amp. and the Solatron Impedance systems.
118
of measuring resistance accurately up to 10 Gohms, again demonstrates 
its superior performance over the commercial impedance system, which 
gives significant scatter in the low frequency end of Figure 4.16(b).
It is clear from the work described so far in this section that
the operational amplifier circuit enables most accurate determination
of the resistance and capacitance. However, the calibration was
carried out using dummy cells, whose components were-chosen such
- 3that the time constant was m  each case 10 . In actual fact the
time constant of a real cell is not a constant quantity which can 
change quite significantly with the exposure time. Inspection of 
experimental values of capacitance and resistance of a real system 
in Table 4.1 of section 4.5, shows that while the capacitance 
changes only slightly with the exposure time the resistance can change 
by several orders of magnitude. Thus the time constant (RC), which 
is a product of parallel resistance and capacitance assumes smaller 
and smaller values as the exposure time increases. The time constant 
is the quantity, which determines the frequency range, which has to 
be employed in order to obtain the complete impedance spectrum. In 
general processes with long time constants require use of low frequencies, 
whereas those with short time constants need increasingly higher 
frequencies. As the lock-in analyser is capable of carrying out 
impedance measurements only up to 100 kHz and it was decided to use 
the high frequency region in the Bode plot to determine the system's 
capacitance, the following question arises. Is there a limiting value 
of time constant beyond which accurate determination of systems 
capacitance from the Bode plot cannot be relied on?
To this end impedance.spectra for a series of dummy cells of
different time constants were obtained using the operational amplifier
circuit. The series resistance was again kept constant at 100 ft
and capacitance value of 2200 pF was chosen in all cases. This value
of capacitance would correspond more closely to a teal polymer metal
system (dielectric constant of the polymer e’ =5; coating thickness 
2of 30 ym; 15 cm area exposed to the electrolyte). Parallel 
resistance values ranged from 100 M ft down to 10 Kfi.
The capacitance values of the series resistance (R^ ) and 
capacitance (C) network without the parallel resistance (R2) were 
first obtained using a MARCONI BRIDGE and the IMPEDANCE RIG. Table 
4.5 shows very good agreement between so obtained capacitance values, 
all yielding values very close to 2200 pF. The capacitance values 
obtained from the Bode Plots of dummy cells with the parallel resistance 
(R2), on the other hand are somewhat smaller, approximately 12% less,
• “ 3once the time constant (R2C) falls below 10 as shown in Table 4.5 
It can be concluded therefore that care must be exercised when 
the Bode plot is employed to obtain the capacitance values of real 
systems, whose time constants assume values less than 10 , allowing
for approximately 12% error. Alternative ways of obtaining system 
capacitance will be considered in the section dealing with future 
work.
The condition for a phase-shift free operation of an operational
amplifier circuit is that the ratio of the cell impedance |z| to
that of the standard resistance (R ) should be unity, as discusseds
in Section 4.5. This condition is impossible to achieve in practice, 
however steps can be taken to keep this ratio as close to unity as 
possible.
119
120
TABLE 4.5
Rt
——V W Ir ~ Rj
— *\AAAr~~
= 100 ohms 
C = 2200 pF
TIME .
CAPACITANCE CAPACITANCE CAPACITANCE
MARCONI IMPEDANCE FROM BODE % ERROR
CONSTANT BRIDGE (pF) RIG (pF) PLOT (pF)
2 . 2  x  1 0 ~ 1
R2=100 M ft 2189 2190 2185
2 . 2  x  1 0 " 2
2183 2187 2185
R2=10 M ft
2 . 2  x  10~3
2224 2226 1962 11.86
R2 = 1M ft
2 . 2  x  10“ 4
2212 2214 1940 12.37
R2 = 100K ft
1.1  x  10~5
2226 2231 1964 11.97
R2 = 51 K ft
2 . 2  x  10~5
2206 2209 1775 19.65
R2 = 10 K ft
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TABLE 4.6 
TIME-CONSTANT (R2C) 0 10~3
R2 = 1.0 M ft 
-9C = 10 F 
OPERATIONAL AMPLIFIER CIRCUIT
R1 « 100 ohms
FREQUENCY
8 RESISTORS
(z)
Rs
BOX
PHASE
ANGLE
32 RESISTORS.'BOX
(Z) PHASE 
Rs ANGLE
THEORETICAL
PHASE
ANGLE
100 kHz 10.4 80.5 1.29 83.3 89.8
37.5 kHz 2.6 85.3 1 .35 88.2 89.7
7.77 kHz 14.5 87.9 2.35 88.2 88.8
2.09 kHz 5.4 85.4 1.59 84.6 85.6
563 Hz 19.6 78.0 1.21 74.8 74.2
117 Hz 6.96 45.7 1.71 37.3 36.3
40.9 Hz : 9.35 20.6 2.07 15.5 14.4
18.6 Hz 9.90 10.2 2.13 8.10 6.66
8.47 Hz 10.0 4.99 2.14 4.20 3.05
5.01 Hz 10.0 3.30 2.14 2.70 1.80
Rt r
- W l A   R
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Table 4.6 shows the effect of the lz |/R value on the measure-s
ment accuracy for a dummy circuit consisting of 100 ohm series
-9resistance (R^), 1 Mft parallel resistance (R^ ) and 10 F capacitacne 
(C). The measurement accuracy is expressed in terms of the measured 
phase angle and how these compare with the phase angle predicted 
from AC circuit theory. Table 4.6 shows how computer selection of 
standard resistance from a range of 32 resistors.can improve the 
|z|/Rg ratio. This has a profound effect on the accuracy of the 
measured phase angle and therefore on the overall impedance measure­
ment .
4.7.3 CONCLUDING REMARKS
Several experimental arrangements commonly used to carry out 
impedance measurements have been considered in this chapter. It 
was decided that as far as impedance measurements of polymer coated 
metal electrodes is concerned, high impedance circuits such as 
the operational amplifier circuit and the potentiostat based circuit 
are most suited. It was also pointed out that before any impedance 
measurements of real systems are attempted, it is always a good 
idea to investigate the performance of these experimental arrange­
ments using a series of dummy cells.
Work with dummy cells described in section 4.7, clearly shows 
that the operational amplifier circuit yieMs most accurate values 
: of parallel resistance and capacitance. However, care must be 
exercised when the Bode plot is used to determine systems capacitance
—3once the time constant falls below 10 , allowing for approximately
12% error. Section 4.7 also revealed that the commercial 368 AC 
impedance system was clearly not designed to cope with electro­
chemical systems, which may have very low capacitance coupled with 
very high resistance.
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Finally it was shown how a greater number of standard resistance 
per decade in the operational amplifier circuit can improve the 
measurement accuracy, which was expressed in terms of the measured 
phase angle. However, it was decided to employ the resistance box, 
which contains 8 resistors ranging from 100 MJlto 10Ain order to 
keep the measurement time as short as possible, which typically for 
32 frequencies (100 KHz down to 5Hz) takes approximately 12 minutes.
4.8 REAL CELLS - CELL DESIGN
In the introduction to section 4.7 it was pointed out that it 
is common practice to expose a large area of the polymer coated 
metal to the electrolyte, so that the systems capacitance assumes 
a high enough value, usually between 10,000 and 1,000 pF, which is 
desirable from the measurement point of view. However, if disbondment 
is to occur and its presence and progress is to be detected by the 
changes in the systems capacitance, then conducting paths must first 
of all develop through the polymer coating. These conducting paths 
as discussed in Chapter 2, develop through the direct (D) type areas 
(20,21,27,28) and/or other structural defects in the polymer. Thus 
use of large polymer coated electrodes apart from providing a 
convenient way of measuring systems capacitance, also increases the 
probability of encountering such structural defects. This is 
desirable when one wishes to study the phenomenon of polymer 
disbondment or corrosion processes which take place at the polymer 
metal interface.
The experimental cell design for impedance measurements of 
polymer coated metal systems is shown schematically in Figure 4.18.
A seal was made between the coated panel and a standard glass electrolyte 
ring (48mm in diameter), using silicon rubber compound. A wire was 
soldered onto the metal panel and the area outside the ring was coated 
with wax.
Pt electrode
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Fig 4-18 Schematic diagram showing the cell design fo r AC impedance 
measurement in tw o  e lectrode con figura tions.
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Fig 4 -2 2  Schematic diagram of AC scanning probe C71 ).
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 5mm— ►
Fig 4 -23  Schem atic d iagram  o f the 'w e t probe '
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This type of arrangement enables the impedance measurements 
to be carried out in two different ways. The glass electrolyte 
ring can be filled directly with solution as shown or the whole 
arrangement can be immersed in the electrolyte. This latter 
procedure has two advantages over the first method:
i) Samples can be immersed in large volumes of electrolyte, 
which therefore will only suffer from minimal concentration 
changes during long exposures commonly employed in these 
studies .
ii) Control can be exercised over such experimental parameters 
as, for example, the oxygen potential.
However, a question may arise. Is the impedance measurement the 
same in both cases . In the first instance one is measuring the 
impedance response of the polymer/metal couple within the electrolyte 
ring, whereas in the second case one may also be measuring the 
capacitance contribution of the wax screen and the conducting wire 
if substantial length of it happens to be submerged in the electro­
lyte. The simple answer is YES, the impedance response is the same 
in both cases provided that the thickness of the wax screen is very 
much greater than the thickness of the polymer coating. This is 
illustrated in Figure 4. 2G (a) which shows the Bode plots for the 
two cases. Figure 4.20(b) on the other hand, shows how the measured 
capacitance may be affected when a thin wax screen is used and an 
appreciable length of wire submerged in the solution. The capacitance 
values from the Bode plots in Figures 4.20(a) and (b) are given in 
Table 4.7.
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TABLE 4.7
EXPERIMENT CAPACITANCE (F)
W -
VO -9ELECTROLYTE WITHIN THE RING 1 .5882 x 10
• ___  -9
j bO WHOLE SAMPLE EXPOSED 1.6288 x 10
prq
-9rQW ELECTROLYTE WITHIN THE RING 1.6425 x 10
vo
v— -9WHOLE SAMPLE EXPOSED 1.9993 x 10 *
bS)
•i—l WHOLE SAMPLE EXPOSED & LONG —q
2.9376 x 10WIRE SUBMERGED
Free polymer films were studied using a cell arrangement 
shown in Figure 4.19. This basically consists of a 28 mm diameter 
"U" tube, the polymer film simply being sandwiched between the two 
compartments of the "U" tube as shown.. Both compartments can be 
filled with the electrolyte and platinium electrodes fitted into 
each of the limbs.
Cathodic disbondment tests were carried out using the experimental 
set up shown in Figure 4.21. It was exactly the same as the set up 
shown in Figure 4.18 except large (100 mm= diameter electrolyte 
rings and an initiating defect was made using a twist drill, the 
area of the defect was approximately 10 mm2. A three electrode 
configuration was used and the cathodic disbondment tests were 
carried out at -1500 mV in 3% NaCl solution using a potentiostat.
An AC scanning impedance technique is one which uses an electrical 
probe that senses coating property over a limited area. Such studies 
utilise a probe design shown in Figure 4.22 to detect the response 
of a small AC signal, while roistering it across the surface of a 
polymer coating, which is exposed to an electrolyte. Although 
this technique can pick up defects in the polymer coatings, it can 
be criticised for two reasons:
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1) The probe must be very firmly pressed against the surface
of the polymer to make sure that little current is
conducted sideways. This can mechanically damage the 
coating.
2) Some current is conducted away and therefore one is not 
measuring the absolute impedance of the polymer 
immediately underneath the probe.
For these reasons different probe design was used in this work 
or shown in Figure 4.2.3. This probe was called a "WET PROBE". Here
the roles are reversed and the cotton, wool at the tip of the probe
is used to carry the electrolyte. When such a probe comes in 
contact with the polymer the measured impedance is only that of 
the polymer immediately underneath the probe. The probe can be 
moved around gently and the impedance of the polymer determined area 
by area.
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5. EXPERIMENTAL WORK ON POLYBUTADIENE STEEL SYSTEM
5.1 INTRODUCTION
As discussed in the literature survey, polybutadiene on steel 
provides a system which is well understood from the work of previous 
studies. Significant developments in the understanding of the interface 
chemistry arose from studies of delaminated film by Electron Spectroscopy 
by WATTS (2). These showed that there were two delamination paths 
either side of an interphase zone. This zone developed during the 
stoving process, during which some Fe (111) iron was reduced to 
Fe (11). In the first instance therefore a reinvestigation of this 
coating/metal system has been made, in the light of surface science 
findings and utilizing the greater opportunities provided by the 
refined AC impedance methods described in the previous chapter.
5.2 INFLUENCE OF CURING TEMPERATURE ON IMPEDANCE
5.2.1 INTRODUCTION
It is evident from the literature that all investigations of the 
polybutadiene/steel system, whether these be spectroscopic, electrical 
and electrochemical, have been carried out on samples which were 
subjected to a standard curing temperature of between 190-200°C.
The length of curing time ranged from 20 to 40 minutes.
The resistance and impedance measurements provided information 
about the rates of formation of conducting paths through the "D" 
type areas of low crosslinking density in the polybutadiene coating.
Good correlation was found between the pore resistance (Rp) and the 
amount of corrosion and delamination.
Capacitance/time curves have been obtained for this sytem.
These were used to estimate the amount of water uptake by the poly- 
butadiene film. However no interpretation of the shapes of these
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curves has ever been attempted and especially how these may relate 
to the process of cathodic delamination.
Finally, work by WATTS (2) showed that delamination path takes 
place either side of the interphase zone, which developed during 
the stoving operation, thus highlighting the fact that such an 
interphase zone may play a crucial role in the delamination process. 
Therefore, as the degree of cure-and the formation of the interphase 
zone is undoubtedly temperature dependent, it seemed likely that by 
varying the curing temperature a greater understanding of this systems 
electrical and electrochemical behaviour would emerge
5.2.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITONS
Standard 1 mm thick GOLD SEAL mild steel panels were cut into 
10 cm x 8 cm pieces, which were subsequently degreased in acetone. 
Polymer was applied using a wire wound bar coater and these were 
then cured in air at five different temperatures of 120°C, 160°C, 
190°C, 220°C and 235°C for 30 minutes. A second coating was then 
applied and the curing operation was repeated. The coating thickness 
after stoving was approximately 30- 3 ym. Duplex polybutadiene
coatings were employed in order to make sure that defects such as
air bubbles or dust particles would not extend throughout the whole 
thickness of the coating, which would otherwise provide paths of easy 
and preferential access to the electrolyte.
The cell design employed in this investigation was based on that 
shown in Figure 4.18 of section 4.8. Standard 3% NaCl solution was 
used in all cases and the impedance measurements were carried out 
using the low impedance circuit of Figure 4.5(a), at intervals of
several hours up to exposure times of 200 hours. The frequency
range employed in this investigation was between 20 kHz down to 
0.1 Hz
134
Impedance measurements were carried out at free corrosion 
potential at intervals of several hours up to exposure time of 
200 hours. Figure 5.1(a) shows the typical impedance spectra 
obtained after exposure time of 170 hours for samples cured at 
235°C, 190°C, 160°C and 120°C respecticaly. Figure 5.1(b) shows 
the Bode plots of a sample cured at 190°C after exposure times of 
24, 48, 120 and 170 hours.
The impedance spectra of Figure 5.1(a) show the typical high 
frequency semicircular shapes reminiscent of a situation when a 
coating becomes penetrated by a conducting phase. Also present in 
the spectra are what appear to be either an incomplete second semi­
circle or a Warburg Impedance in the low frequency end which are due 
to the Faradaic processes taking place at the polymer/metal interface. 
This Faradaic process will not be considered here, since at the time 
of this investigation the-available low frequency range of 0.1 Hz was 
clearly not low enough to fully map out these processes. Instead the 
capacitance and resistance values were obtained from the Bode and 
Nyquist plots respectively in the manner described in sections 3.5.3 
and 3.5.2. Before considering these results a few words ought to be 
mentioned about the spectra themselves.
The impedance spectra of Figure 5.1(a) shows a non uniform 
distribution of the frequency points. To avoid confusion, since 
it could be thought that this might be due to some dispersive effect 
of the electrochemical system, it should be stressed that in this early 
work the frequency points were chosen and entered into the softxvare 
program in a random fashion (in the frequency range of 20 kHz to 0.1 Hz). 
Thus as can be seen from Figure 5.1(a) there are stretches on the 
contour of the semicircle which show both clustering and sparse
5.2.3 RESULTS
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Figure 5.1(a) Nyquist plots oF polybutadiene coated mild 
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distribution of frequency points. This software program was 
subsequently amended in order to ensure a uniform distribution of 
frequency data points as will be demonstrated in later sections.
For the sake of clarity the capacitance results for all the 
samples have been presented in two separate diagrams, namely 
Figure 5.2(a) and 5.2(b). The capacitance results for the two 
samples which were cured at 190°C are presented in Figure 5.3. The 
logarithm or pore resistance (Rp) as a function of exposure time is 
presented in Figure 5.4.
The first thing to notice about the capacitance-time curves is 
that all the samples yielded different initial capacitance, i.e. 
capacitance at exposure time of zero hours. This would suggest that 
the samples assumed different coating thicknesses during the specimen 
preparation stage and upon subsequent stoving operation. The 
capacitance in all cases increased steadily with the exposure time, 
the biggest change in the measured capacitance being shown by the 
sample which was cured at 120°C and almost negligible change in the 
capacitance being recorded for the system cured at 235°C. This can 
perhaps be most clearly seen by considering table 5.1, which lists 
the gradients of lines of best fit through the experimental points.
TABLE 5.1
CURING TEMPERATURE GRADIENTS x lc f^ (F . lT 1) CAPACITANCE AT ZERO TXMExlO~lo(F)
120°C 1.489 2,585
160°C 1.282 0.763
190°C A 0.822 1.198
190°C B 1.115 1.946
220°C 0.235 2.347
235°C 0.092 1.121
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Figure 5.2 Capacitance-time curves oF polybutadiene 
coated mild steel samples which were cured at diFPerent 
temperatures and exposed to 8.52 fl NaCl solution.
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Figure 5.3 Capacitance-time curves oP polybutadiene 
^  coated mild steel samples cured at 190 C
~  XI0“  ^ and exposed to 0.52 M NaCl solution.
Figure 5.4 Logarithm oP pore resistance-time curves 
oP polybutadiene coated mild steel samples which were cured 
at diPPerent temp, and exposed to 0.52 M NaCl solution.
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The capacitance results for all the samples were .used to 
calculate the amount of water uptake by the polybutadiene coatings 
using equation 2.6
X% = ^0m/0m,o) -  2 6
log 80
These values are tabulated in Table 5.2 and show that the water taken 
up by the polybutadiene coatings decreases as the curing temperature 
increases..
TABLE 5.2
120°C 160°C 190°C A 190°C B 220°C 235°C
Water Water Water Water Water Water
Time Uptake Time Uptake Time Uptake Time Uptake Time Uptake Time Uptake 
/o /o % % % %
1 0 1 0 1 0 5 0 0 0 0 0
15 0 22 5.7 8 0 17 0.57 18 2.6 3 0
28 13.7 34 5.7 17 2.3 44 4.7 24 2.6 10 0
42 14.8 48 6.8 48 4.5 62 5.7 37 2.6 16 2.6
109 19.4 71 20.5 70 6.8 72 9.1 43 5.3 21 5.3
162 18.0 100 17.1 101 13.7 94 10.3 94 2.6 27 0
120 18.7 119 13.7 119 15.0 118 5.3 38 2.6
170 29.6 144 14.8 143 15.3 138 5.3 45 0
168 15.9 194 16.1 162 5.3 52 0
198 15.9 186 5.3 74 2.6
86 2.6 
93 2.6
110 2.6 
134 2.6
158 2.6
182 5.3
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Figure 5.4 shows that, while samples which were cured at 120°C 
160°C and 190°C developed conducting paths and a finite resistance 
could be measured, the samples cured at 220°C and 235°C retained 
their capacitive behaviour right up to 200 hours of exposure. No 
visible signs of corrosion were observed in these two samples, whereas 
the samples which became conducting developed corrosion sites, the 
size and number of which increased with the exposure time.
Impedance measurements were carried out on two samples cured 
at 190°C. The capacitance and resistance values of these two 
samples are presented in Figures 5.3 and 5.4 respectively and these, 
show marked differences between the two samples. This is not 
unreasonable as the two samples assumed different coating thicknesses 
as can be seen from the capacitance results, thus the sample with 
a thinner coating (B.) developed lower resistance than the sample with 
a thicker coating (A) as can be seen from Figure 5.4. Also the 
sample with the thin coating showed more corrosion and cathodic 
delamination. Another feature which ought to be brought out is that 
the two samples show different rates of change of capacitance with 
time, the sample with a thinner coating giving a steeper gradient 
as can be seen from Table 5.1.
The amount of corrosion and cathodic delamination was found to. 
be most pronounced in samples cured at 120°C and 160°C. This can be 
seen from .Figures 5.5 and 5.6, which show the condition of four samples 
cured at 120°C, 160°, 190°C and 210°C before and after 200 hours of 
exposure to 3% NaCl solution respectively. The number of corrosion 
sites and their size decrease with increasing curing temperature. 
However, the sample cured at 210°C seems to be free of any corrosion 
product within the 200 hours of exposure. The samples were left 
soaking in the electrolyte for a further 400 hours after wlich time
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Figure 5.5 Condition of polybutadiene coated mild steel
samples cured at (a) 120°C, (b) 160°C, (c) 190°C and (d) 210°C before
exposure to standard 3% NaCl solution
they were dismantled and a peel test was carried out. Figure 5,7 
shows the result of the peel test. As can be seen the samples 
which were cured at 120°C and 160°C show total separation of the 
polybutadiene coating from the steel substrate, whereas those cured 
at 190°C and 210°C show only partial separation of the polybutadiene 
coating -
Figure 5.6 Condition of polybutadiene coated mild steel samples 
cured at (a) 120°C, (b) 160°C, (c) 190°C and (d) 210°C, after 
200 hours of exposure to standard 3% NaCl solution.
Figure 5.7 Condition after a peel test of polybutadiene coated 
mild steel samples cured at (a) 120°C, (b) 160 C, (c) 190°C and (d) 
210°q which were exposed to standard 3% NaCl solution for 600 hours.
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Finally, before the peel test was carried out all the four 
samples shown in Figure 5.6 and 5.7 had their resistance measured as 
a function of electrolyte concentration. The impedance measurements 
were carried out in three electrolytes, i.e. distilled water, 0.52 
Molar NaCl and 2 Molar NaCl solutions. The logarithm of pore 
resistance (R^ ) versus the electrolyte concentration is presented in 
Figure 5.8, which shows a general decrease in the pore resistance 
as the ionic activity increases.
5.3 IMPEDANCE MEASUREMENTS OF FREE POLYBUTADIENE FILMS
5.3.1 INTRODUCTION
Apart from work by MANSFELD, KENDIG and TSAI (54), very few 
comparative studies of polymer /metal systems and free polymer films 
have been carried out using the AC impedance technique. It is proposed 
therefore to carry out impedance measurements of several polybutadiene 
free films paying particular attention to the changes in the capacitance 
of these films. It is postulated that such investigation will be 
directly relevant to the interpretation of impedance results of 
polybutadiene/metal systems.
5.3.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
Several techniques of film preparation exist. The method employed 
by MAYNE (20), where the polymer was cast on glass plate, cured and 
subsequently soaked in water in order to permit their removal from 
glass was unsuitable, since the main object was to produce dry films.
Thus mechanical removal of the polybutadiene films after the curing 
operation was attempted from glass and PTFE substrates. This method 
was found unreliable, since more often than not the polybutadiene 
films would rupture under the applied stress and it was thought that 
the unruptured film might suffer from local mechanical damage.
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Therefore a technique used by WATTS (2) was employed to prepare 
the polybutadiene films. Here the polybutadiene films were cast 
on aluminium foil (double coating was used), which after the stoving 
operation would be dissolved in 2 Molar NaOH solution. In order to 
prevent the soaking of the polybutadiene film, a glass ring was 
glued to the coating and only the area outside the glass ring was 
exposed to the sodium hydroxide solution. Thus only the polybutadiene 
film from the side of the aluminium foil was in contact with the 
solution, but only for literally several seconds.
The dry film from inside the glass ring was cut to size „ 
(approximately 3 cm in diameter) and mounted between the two half 
cells of the "U" tube as shown in Figure 4.19. Again standard 3%
NaCl solution was used in this investigation and the impedance 
measurements were carried out using the then newly developed 
operational amplifier circuit of Figure 4.5 (b)
5.3.3 RESULTS
Three polybutadiene free films have been investigated. One, 
which was cured at 120°C and two films which were cured at 190°C.
In each case the standard curing time of 30 minutes was employed in 
consistancy with polybutadiene coatings on steel.
The results of capacitance and pore resistance (R^ ) of the free 
film which was cured at 120°C are presented in Figure 5.9 and 
Figure 5.10 respectively, together with the capacitance and resistance 
results of the polybutadiene/mild steel sample, which was cured at 
120°C . The results of capacitance of the free polybutadiene films, 
which were cured at 190°C, are presented in Figure 5.11 and Figure 5.12, 
again with the’ results of capacitance from the corresponding 
polybutadiene/mild steel systems.
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The water uptake values for the three films, which were 
calculated from the capacitance data using equation 2.6 are 
tabulated in Table 5.3
TABLE .3.3 
FREE FILMS
120*3c 190°C A 190°C B
TIME WATERUPTAKE TIME
WATER
UPTAKE TIME
WATER
UPTAKE
0 0 0 0 0 0
0,16 6.1 0 .5. 4.1 5 6.2
5, 66 11.1 2 5.9 10 7.9
12.66 13.2 6 6.2 29 8.1
17.66 12.1 10 6.5 53 8.5
36.66 7.6 17 6.9 111 9.6
60.66 8.5 21 7.1 137 8.9
70.66 9.0 45 7.5 163 9.9
84.66 8.3 53 7.9 187 10.8
94.66 9.1 58 7.6 207 9.5
108.66 9.9 65 7.9 235 9.4
118.66 10.3 121 7.6 287 10.1
132.66 8.8 145 8.0 328 9.7
142.66 9.6 169 7.9
166.66 11.2 193 7.6
242 7.9
267 7.7
306 7.8
336 7.7
361 7.8
15= a —  Polybutadiene on steel cured at
=1 a —  Free polybutadiene Film cured at 120 C
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Figure 5.9 Capacitance-time curves oP Pree polybutadiene 
Film and polybutadiene coated mild steel cured 
L- X10-  ^ at 120°C and exposed to 0.52 M NaCl solution.
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Figure 5.10 Logarithm oP pore resistance-time curves 
oP polybutadiene Pree PiIm and polybutadiene coated mild 
steel cured at 120°C and exposed to 0.52 M NaCl solution.
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Figure 5.11 Capacitance-time curves oP Free polybutadiene
<1 Film (A) and polybutadiene coated mild steel (B) 
cured at 190°C and exposed to 0.52 11 NaCl solution.
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Figure 5.12 Capacitance-time curves oF Free polybutadiene 
Film (B) and polybutadiene coated mild steel <A) cured at 
190°C and exposed to 8.52 M NaCl solution.
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Figure 5.10 shows that both the free polybutadiene film and 
the polybutadiene mild steel sample cured at 120°C assume nearly the 
same resistance. The free polybutadiene films which were cured 
at 190°C, however, did not develop any resistance unlike the 
corresponding polybutadiene mild steel samples, even after 400 hours 
of exposure.
The capacitance-time curves of the polybutadiene free films 
in Figures 5.9, 5.11 and 5.12, show two distinct types of behaviour. 
The capacitance initially increases rather rapidly and after approxi­
mately 20 hours levels off. This is in complete contrast with 
capacitance-time curves of polybutadiene mild steel samples, which 
show a gradual linear increase. Examination of the water uptake 
values in Table 5.3,also show an initial increase before reaching 
a steady value. Comparison of water uptake values in Tables 5.2 
and 5.3 show that the water uptake by the polybutadiene coatings on 
steel are approximately twice that of the free polybutadiene films.
5.4 DETERMINATION OF THE DIELECTRIC CONSTANT
5.4.1 INTRODUCTION
There are basically two main reasons why the availability of 
the dielectric constant of the polymer system in question would be a 
considerable advantage.
Firstly,the method of determining the coating thickness using
a bench micrometer (as employed by many workers) is very susceptible
- 2to errors. The resolution of a micrometer of 10 mm, that is 10 pm 
is clearly insufficient to determine a typical coating thickness 
of say 30 pm with a suitable degree of accuracy, even with a large 
number of measurements. An instrument with a resolution of at least 
1 Pm or even 0.1 Pm would be needed. Alternatively the dielectric
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constant could be used to determine the coatings thickness by 
measuring the capacitance of the dry film and using equation 4.1
d
Secondly, so determined value of coating thickness could be used 
to convert the capacitance data into dielectric constant data, thus 
doing away with the tedious problem of having capacitance-time curves 
starting from different capacitance values.
Thus it is proposed to determine experimentally the dielectric 
constant of polybutadiene polymer system on mild steel electrode.
5.4.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
Polybutadiene was applied to mild steel panels using a wire
wound bar coater and the samples cured at 220°C for 30 minutes. This 
procedure was repeated over and over again to obtain samples with 
different coating thicknesses. The coating thicknesses were 
measured using a micrometer with a resolution of 1 pm. The 
impedance measurements were carried out using the operational 
amplifier circuit. Mercury electrode was used as the second electrode 
and the cell designed used was that based on Figure 4.18.
5.4.3 RESULTS
The thickness and capacitance results for five samples are 
presented in Table 5.4 as well as the reciprocal of thickness and 
the quantity (C/eo).
Figure 5.13 plots the quantity (C/eQ) versus the reciprocal of 
thickness. The gradient of the line of best fit through the 
experimental points gives the value of the dielectric constant of 
polybutadiene polymer coating cured at 220°C. The dielectric constant 
assumed a value of e = 5.438.
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TABLE 5.4
THICKNESS 
x 10 cm
CAPACITANCE 
(Farads cm *) i t cm *) C/£o (cm)
53.7 8.54 E-ll 1.86 E02 9,65 E02
57.1 7.91 E-ll 1.75 E02 8.94 E02
89.0 5.26 E-ll 1.12 E02 5.95 E02
240.8 1.62 E-ll 4.15 E01 1.83 E02
281.4 1.18 E-ll 3.55 E01 1.34 E02
X102
Figure 5.13 Determination oF the dielectric constant oF 
polybutadiene polymer system cured at 220°C. 
Plot oF C/£,versus the reciprocal oF thickness.
USING THE IMPROVED OPERATIONAL AMPLIFIER CIRCUIT
5.5.1 INTRODUCTION
There are several reasons why more time was spent investigating 
the impedance response of the polybutadiene/mild steel system at the FCP. 
Firstly, the operational amplifier impedance system with extended 
high frequency range of 100 kHz and improved software program, 
which thus far was only used to determine the impedance of free 
polybutadiene films, could be employed to measure the impedance of 
polybutadiene/mild steel system. Secondly, the new method of 
measuring the thickness of the coating and the availability of the 
dielectric constant could be now used to present the changes in the 
capacitance of polybutadiene/mild steel system in terms of the changes 
in the dielectric constant. Thirdly, the stock of the original 
. Bu.dium RKY-662 polybutadiene was now almost exhausted and a new 
brand of polybutadiene was therefore to be used in further 
investigations, thus calling for its thorough investigation and 
characterisation. The new brand of polybutadiene coating under a 
product designation of Poly-bd manufactured by ARCO Chemical Company 
was supplied by the Cornelius Chemical Co. Ltd.
5.5.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
As in previous investigations the polybutadiene was applied to 
mild steel panels using a wire wound bar coater. Sample prepared with 
the original polybutadiene was cured at 200°C for 30 minutes, whereas 
the mild steel panels coated with the new polybutadiene were cured 
at 220°C for 30 minutes as this was the recommended temperature of 
cure. Double coats were again employed and the cell design used was 
that shown in Figure 4.18. Impedance measurements were carried out 
using the operational amplifier circuit of Figure 4.5(b), in 3% NaCl
15 2
5.5 IMPEDANCE MEASUREMENTS OF THE POLYBUTADIENE/MILD STEEL'SYSTEM
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solution. Coating thicknesses were determined by the method described 
in section 5.4 and are tabulated in Table 5.5
TABLE 5.5
SAMPLE COATING THICKNESS
Polybutadiene on Steel 
cured at 200°C 26.7 um
Sample A - New polybutadiene 
on steel cured at 220°C 49.4 ym
Sample B - New polybutadiene 
on steel cured at 220°C
46.8 ym
5.5.3 RESULTS
A typical impedance spectrum for the polybutadiene coated mild 
steel sample which was cured at 200°C and soaked in 3% NaCl solution 
for 837 hours is shown in Figure 5.14. The first thing to notice 
about the impedance sepctrum is that unlike the impedance spectra 
of Figure 5.1(a), the distribution of impedance data points is 
uniform, -owing to the amended software program. The impedance diagram 
is a semicircle, the origin of which, however, is slightly displaced 
below the real axis (the angle of displacement being 0 = 5.035°). This 
slight angle of displacement can be neglected when compared with the 
impedance spectra of metal electrodes (61) and therefore impedance 
spectra of coated metals can be considered to be perfect semicircles 
whose origin lie on the real axis. Thus it is assumed that the 
capacitance and resistance of polymer coated metal electrodes are 
lumped frequency independent components.
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The dielectric constant-time and logarithm of resistance-time
curves for the polybutadiene mild steel sample, which was cured at
200°C are presented in Figure 5.15. The dielectric constant-time
curve is somewhat different from the capacitance-time curves of
Figures 5.2(a) and 5.2(b), showing two distinct regions. An initial.
rapid change followed by a steady linear increase in the dielectric
constant. This behaviour is rather similar to the capacitance time .
curves obtained by LEIDHEISER (48) as showin in Figure 2.5. However,
there is one big difference,namely the absence of the stage three
region in Figure 5.15, i.e. the region where rapid increase in
dielectric constant should have occurred after the linear region.
Again corrosion sites and areas of cathodic delamination were observed
soon after the coating became conducting. The resistance values of
Figure 5.15 are comparable to the resistance values developed by the
two samples, which were cured at 190°C and whose results are presented
in Figure 5.4. The gradient of the line of best fit through the
linear region of the dielectric constant-time diagram works out at 
-12 -10.233 x 10 F.h , a value which would be expected to follow the 
trend in Table 5.1 as indeed is the case.
The dielectric constant-time curves for the two mild steel 
samples coated with the new polybutadiene and cured at 220°C are 
presented in Figure 5.16. Again two distinct regions can be distinguished. 
The dielectric constant initially increases rapidly then levels off 
to assume a constant value in a rather similar fashion to the 
capacitance results of free polybutadiene films of Figure 5.11 and 5.12. 
The impedance response of both samples remained purely capacitance 
throughout the whole period of exposure to the electrolyte and no 
corrosion sites or areas of disbondment were observed.
The water uptake values for the three samples investigated in this 
section are presented in Table 5.6. The water uptake values of the sample 
cured at 200°C are comparable to those of the samples cured at 190°C, 
which can be found in Table 5.2. On the other hand the water uptake 
values for the two samples cured at 220°C, show an initial rapid increase 
before becoming constant after approximately 20 hours.
TABLE 5.6
15 7
POLYBUTADIENE 
CURED AT 200°C
SAMPLE A 
NEW POLYBUTADIENE 
CURED AT 220°C
SAMPLE B 
NEW POLYBUTADIENE 
CURED AT 220°C
TIME % WATER TIME % WATER TIME % WATER
(HOURS) UPTAKE (HOURS) UPTAKE (HOURS) UPTAKE
0 0 0 0 0 0
0 2.7 0 2.9 0 3.3
5 3.3 2 3.4 2 5.0
12 3.8 7 4.6 5 5.5
20 4.0 15 4.5 10 5.9
30 3.9 21 4.6 17 6.1
43 4,4 28 4.8 65 6.6
69 4,6 39 4.5 75 6.7
122 4.9 52 4,8 89 6.8
163 5.0 63 4.8 95 6.8
217 5.4 76 5.0 102 6.7
286 5.9 87 4.8 113 6.8
380 6.8 107 4.9 126 6.9
531 8,0 155 4.7 150 6.7
673 9,2 173 4.9 174 6.6
769 9. ‘7 203 4.8 185 6,4
837 10.3 227 5.0 210 5.9
251 5.1 222 5.9
275 5.1 232 5.9
347 4.9 255 5.8
419 4.9
467 4.9
59'4 4.9
837 4.9
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STEEL SYSTEM
5.6.1 INTRODUCTION
MANSFELD, KEND.IG and TSAI (54) found the resistance properties 
of polybutadiene coating on mild steel and polybutadiene free film 
to be quite different. A model was proposed to explain the observed 
rapid decrease in the resistance of polybutadiene coatings on steel. 
This simple model states that the increase in the conductivity of 
the polybutadiene coating on steel substrate is due to the growth of 
the corrosion product underneath the coating, which in so doing sets 
up local stresses in the film, thus allowing more solution to enter 
the conduction pores. This could explain the observed linear 
increase in the capacitance of polybutadiene coated steel samples, 
but is this explanation viable to account for the water uptake value, 
of the polybutadiene coating on steel being double that of a free 
film (section 5.3)?
One way to test such a model would be to carry out impedance 
measurements on conducting polybutadiene coated mild steel sample, 
while finding some way of preventing formation of corrosion product 
underneath the coating. One obvious way would be to employ the well 
known method of cathodic protection.
Thus impedance measurements were carried out on cathodically 
polarised polybutadiene coated mild steel sample.
5.6.2 SPECIMEN PREPARATION AND'EXPERIMENTAL CONDITIONS
The new polybutadiene was applied to several mild steel panels 
in the usual manner using a wire wound bar coater. The samples were 
cured at two temperatures of 200°C and 220°C for 30 minutes. A second 
coating was then applied and the curing operation repeated. The cell 
design employed in the cathodic polarization tests was that as shown
5.6 IMPEDANCE MEASUREMENTS OF CATHODICALLY POLARIZED POLYBUTADIENE/
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in Figure 4.21, except no initiating defect was present. All tests 
were carried out in the standard 3% NaCl solution.
The cathodic potential was applied to the samples using the 
363 Potentiostat manufactured by the EG&G PRINCETON APPLIED RESEARCH 
CORPORATION. The cathodic polarization test was interrupted at 
intervals of several hours and impedance measurements were carried out 
using the operational amplifier circuit. Preliminary experiemnts 
showed that, while the samples cured at 220°C did not become 
conducting, those cured at 200°C showed a rapid decrease in resistance 
when polarization potential of - 1500 mV was used. Resistance as 
low as 1000ft was measured very soon after the samples developed 
conducting pores. Such small values of resistance made the determination 
of the systems capacitance diffi cult (as discussed in section 4,7.2).
Thus it was decided to apply initially a lower cathodic potential 
of -1000 mV as soon as the sample developed conductivity and 
eventually increasing the polarization potential to -1500 mV after 
some time. The results presented in the next section are of a sample 
which was cured at 200°C and whose thickness was measured to be 
44.537 ym.
5.6.3 RESULTS
The dielectric constant and the logarithm of resistance results from 
the cathodic polarization test are presented in Figure 5.17, The 
sample was initially exposed to 3% NaCl solution without the cathodic 
overpotential and impedance measurements were carried out. In this 
initial period of absence of cathodic overpotential the dielectric 
cons tant-time curves show two regions, one of rapid change and the 
second of slow linear increase. After 75 hours of exposure to the 
electrolyte! . the sample became conducting. A cathodic potential of 
-1000 mV was applied after 116 hours. As can be seen the dielectric
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constant increases in a familiar steady linear fashion, whereas the 
resistance initally decreases rapidly and then shows a much lower 
rate of change. After 503 hours the polarization potential was 
increased to -1500 mV. Now the dielectric constant-time curve shows 
a much greater rate of change and the resistance decreases much more 
rapidly.
A blister was observed after about 120 hours and this grew in 
size to approximately half of the exposed area by the end of the 
cathodic polarization test. No sign of corrosion product was 
observed as the sample was cathodically protected. Table 5.7 lists 
the calculated water uptake values, which, as can be seen, compare 
rather well with the water uptake values of sample which was cured 
at 200°C whose results are presented in Table 5.6.
TABLE 5.7
EXPERIMENTAL CONDITIONS TIME IN HOURS % WATER UPTAKE
0 0
0 3.5
3 5.9
9 7.1
3% NaCl SOLUTION 17 7.5
27 7.8
AT (FCP) 51 8,0
63 8.0
75 8.2
91 8.2
116 8.4
177 8.6
288 8.9
CATHODIC OVERPOTENTIAL 311 9.2
OF 383 9.5
-1000 mV 457 9.7
503 9,7
CATHODIC 0VERP0TENTIAL 604 • 11.3
OF -1500 mV 646 12.6
694 13.2
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5.7 EFFECT OF WATER FILM ON MEASURED IMPEDANCE 
. 5.7.1 INTRODUCTION
It became clear from the work described in previous sections 
that the observed change in the capacitance or dielectric constant 
of polybutadiene coating on mild steel, as the case may be, 
cannot be explained solely in terms of the model proposed by 
KENDIG, MANSFELD and TSAI (54). In all experiments described so 
far the steady linear rate of change of capacitance was always 
accompanied by observed corrosion and cathodic delamination, 
except of course in the cathodic polarization experiment, where 
only blister formation was observed. Thus if the increase in the 
capacitance of a corroding and disbonding sample is not due to 
the formation of corrosion product, then it could be due to the 
process of cathodic delamination. The area immediately beneath 
a blister is an aqueous highly alkaline region (107,109). Thus 
it is possible that the observed increase in the capacitance of a 
corroding and/or delaminating sample might be due to changes in 
the geometry occurring at the interface constituted by the polymer 
and the metal as a result of displacement of polymer by the water 
film.
It is the purpose of this section to investigate the effect of 
a water film sandwiched between a free polymer film and a mild steel 
substrate on measured capacitance. Capacitance results will be used 
to work out the amount of water uptake, the quantity which will he 
used to assess the effect of this water film on measured capacitance 
and the validity of this model. This experiment would correspond 
to a situation of total disbondment.
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5.7.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
Polybutadiene was applied to degreased aluminium foil using
a wire wound bar coater and the prepared samples were cured at 220°C 
for 30 minutes. Successive coatings were applied to several samples
and the curing operation repeated to obtain samples of different
2thicknesses. A glass ring of 4,8 cm diameter was glued to the 
coatings and their thicknesses determined using impedance measurements 
with a mercury electrode (method described in section 5.4). The 
aluminium foil was subsequently dissolved using 2 Molar NaOH solution 
(method described in section 5.3.2). The glass ring was then filled 
with standard 3% NaCl solution and placed gently on a wet, previously 
degreased, mild steel panel. Care was taken to avoid entrapped 
air between the polymer and the steel plate. Standard 3% NaCl 
solution was used to wet the surface of the steel.
Impedance measurements of this arrangement were carried out on 
several samples using the operational amplifier circuit,
5.7.3 RESULTS
The capacitance and water uptake values from six experiments 
are presented in Table 5.8, together with water uptake values from 
two previous experiments.
It was assumed that the presence of a water film between the 
polymer free film and the metal substrate in these experiments 
would correspond to a situation of a polymer coated sample showing 
cathodic disbondment over the whole area. If indeed the lateral 
spreading of the water film at the polymer metal interface was 
responsible for the observed steady linear increase in the capacitance, 
then the increase in the capacitance in these experiments ought to 
yield water uptake values much greater than those of samples 
investigated in previous sections, which showed only sporadic 
cathodic delamination.
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TABLE 5.8
THICKNESS
(pm)
CAPACITANCE 
OF DRY FILM
xlO"10Fcm“2
CAPACITANCE 
IN PRESENCE 
OF WATER FILM
t -10 _ -2xlO F cm
% WATER 
UPTAKE
% WATER UPTAKE FROM 
PREVIOUS EXPERIMENTS
28.1 1.7094 2.5001 8,7 SAMPLE CURED AT 
200°C 
TABLE 5.6 
5.426 AFTER 217 (h)
38.8 1.2404 1.6791 6.9
42.1 1.1422 1.4891 6.1 SAMPLE CURED AT 
- 200°C TABLE 5.7 
8.898 after 288 (h)71.9 0.6689 0.8116 4.4
91.3 0.5264 0.6172 3.6 SAMPLE CURED AT 
- 200°C TABLE 5.7 
13.214 after 694 (h)103.0 0.4666 0.5295 2.9
As can be seen from Table 5.8 this is not the case. The sample, 
which was disbonded under cathodic polarization until half of its 
area was found to be blistered, assumed a water uptake value of 13,2, 
which is much higher than any of the values presented in Table 5.8.
It is clear therefore that the presence of the water film does not 
account for the observed linear increase in the capacitance of a 
disbonding sample. This, together with the observation that the 
water uptake values showed a thickness dependence, called for an 
alternative explanation of the experimental data.
It seemed possible, after work by LEIDHEISER (48), that the 
increase in the capacitance when a mercury electrode is replaced 
with an electrolyte is the result of solution penetration into the 
fissuries or capillaries, which are present in the external part 
of the coating. This has the effect of reducing the thickness of 
the coating, thus giving rise to an increase in the measured 
capacitance.
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The following model is proposed to make allowances for this 
effect. Assume that a coating of thickness (d) on a metal electrode 
has in the external part of the coating capillaries of average 
depth-(x) as shown in figure 5.18.
A
POLYMER
STEEL
Figure 5.18 Proposed model showing a coating of thickness (d), 
which has in the external part of the coating 
capillaries of average depth (x).
The capacitance of the coating as measured with a mercury
electrode (C^ ) is simply given by equation 4.1:
r = £ e° A M d 4.1
When the external portion of the coating is exposed to an
electrolyte the measured capacitance C is given by:w
£ Eq Ai 
w (d - x)C = 5.1
where A^ is the new larger area of contact. Here, however, it is
assumed that A = A^ , thus equation 5.1 becomes:
£  e 0  A
w (d - x)C = 5.2
The percentage increase in the measured capacitance (P) is 
therefore simply given by:
16 7
5.3
which becomes after substitution of equations 4.1 and 5.2
P% = ((— r ~x-) ~ 1) x 100 5.4
In the case of free polymer films, as those used in the 
experiments carried out in this section, equation 5.4 has to be 
multiplied by a factor of 2 to account for both sides of the polymer.
The results of percentage increase in capacitance for different 
values of x ranging from 1 to 7 pm, for the six samples and 
several polybutadiene/mild steel samples are presentedin Table 5.9.
The observed percentage increases in capacitance worked out from the 
capacitance measurements are plotted against the percentage increase 
worked out from equation 5.4 in Figure 5.19. Table 5.10 lists the 
gradients of lines of best fit through the data points. The value 
of x which gave a gradient of 1 was found to be approximately 5 ym 
This value of 5 pm compares favourably with a depth of penetration 
of the capillaries of 8 ym, a value which was arrived at independently 
by LEIDHEISER (48) on the basis of a similar model and arguments.
Figure 5.19 also shows that the lines of best fit do not go 
through the origin, but instead have finite values of intercept,
Ttfhich can be found in Table 5.10. It is thought that this is because 
the model based on equation 5.4 does not account for the increase 
in the contact area when the mercury electrode is replaced with 
an electrolyte.
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X101
CALCULATED INCREASE IN CAPACITANCE V.
Figure 5.19 Plot oP measered increase in capacitance 
versus calculated increase in capacitance. Calculation 
was based on the model as shown in Figure 5.18.
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TABLE 5.10
DEPTH OF SURFACE 
PORES (ym) GRADIENT
CORRELATION
COEFFICIENT INTERCEPT
x = 1 5.981 0.995 2.498
x = 2 2.875 0.995 2.778
x = 3 1.840 0.994 3.055
x = 4 1.323 0.994 3.344
x = 5 1.013 0.993 3.642
x = 6 0.806 0.992 3.952
x = 7 0.658 0.991 4.275
5.7.4 CONCLUSIONS
The work described in this section was carried out with one 
aim in mind, which was to see whether the presence of a water 
film between a polymer film and a steel panel would produce an 
increase in capacitance comparable with that of a corroding and 
disbonding polybutadiene mild steel sample. It is clear from the 
water uptake values presented in this section that it does not.
Thus it can be concluded that the change in the geometry 
at the polymer metal interface as a result of polymer’s displacement 
by the cathodic reaction does not account for the steady increase 
in the capacitance of a corroding and disbonding sample.
However, the rapid increase in the capacitance on first 
immersion can he attributed to the filling of the capillaries, 
when the mercury electrode is replaced with an electrolyte. On 
the basis of the proposed model each interface of the coating can 
be penetrated by the electrolyte to a depth of approximately 5 ym.
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5.8.1 INTRODUCTION
From the work described thus far, it became clear that 
neither the model proposed by KENDIG, MANSFELD and TSAI (54), nor 
the presence of water film at the polymer metal interface can 
explain the observed linear steady increase in the capacitance 
of a corroding and disbonding sample.
It was pointed out in the introduction to section 5.7 that the 
area immediately beneath the blister is an aqueous highly alkaline 
region (107,109). The mere change in the geometry as a result 
of formation of such blisters does not account for the observed 
increase in capacitance of a corroding and disbonding sample. 
Therefore the following question arises. Could it be that the 
high pH generated by the cathodic delamination process might be 
responsible for the observed increase in the capacitance?
Thus a study in the first instance of capacitance and in the 
second of the resistance behaviour of free polybutadiene film and 
polybutadiene coated mild steel samples as a function of pH was 
undertaken by the impedance method,
5.8.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
Polybutadiene coated aluminium foil was cured at 220°C for
30 minutes and the thickness of the coating determined by the 
method described in section 5.4. The free film was prepared by 
dissolving the aluminium foil with 2 Mciar NaOH solution, a method 
which is fully described in section 5,3,2.
Six polybutadiene coated mild steel samples were prepared. 
Different coating thicknesses were obtained by applying several 
layers of polybutadiene and repeatedly curing at 220°C for 30 
minutes. Again the thickness of such prepared samples was determined
5.8 EFFECT OF pH ON MEASURED IMPEDANCE
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by the method described in section 5.4. The sample designation, 
their thicknesses and the experimental conditions are given in 
Table 5.11.
TABLE 5.11
SAMPLE NAME THICKNESS
(pm)
EXPERIMENTAL CONDITIONS
FREE
POLYBUTADIENE
FILM
40.1 INITIALLY EXPOSED TO 3% NaCl 
AND AFTER 105 HOURS TO NaCl + 
NaOH SOLUTION
SAMPLE A 166.8
EXPOSED TO 
2 MOLAR NaOH 
SOLUTION
SAMPLE B 76.6
SAMPLE C 43.2
SAMPLE D 134.4 INITIALLY EXPOSED TO 3% NaCl 
SOLUTION THEN AFTER 121 HOURS 
TO NaCl + NaOH SOLUTION THENSAMPLE E 79.8
SAMPLE F 38.6 AFTER 168 HOURS TO 2 MOLAR NaOH SOLUTION
n§
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The NaCl + NaOH solution was prepared by dissolving half the 
Molecular weight of NaCl and half the Molecular weight of NaOH in 
1 litre of distilled water. The pH of such a prepared solution 
was measured to be 13.5, whereas that of 2 Molar NaOH solution 
was determined to be 14.1.
The impedance of the free polybutadiene film was measured 
using the cell shown in Figure 4.19. The method employed in the 
impedance measurements of polybutadiene coated mild steel samples 
was that as shown in Figure 4.18. In all cases the operational 
amplifier circuit was employed to carry out the impedance measure­
ments .
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Finally three mild steel panels were coated with polybutadiene 
and cured at 200°C for 30 minutes each. A second coating was 
then applied and the curing opontion repeated. The coating 
thicknesses so obtained were measured to be approximately 40 pm 
in each case. A glass ring was glued onto the polybutadiene surface
to form a cell as that shown in Figure 4,18. Two samples were
exposed to 2 Molar NaOH solution whereas the third one was 
exposed to standard 3% NaCl solution. The impedance measurements
of these three samples in their respective solutions were carried
out after 100 hours, after which -time the solution was removed 
and impedance measurements were carried out on four areas within 
the exposed region using a "wet probe" of Figure 4.23. The 
diameter of the "wet probe" employed in this investigation was 
2 cm and carried 2 Molar NaOH solution when used to measure the 
impedance of the two samples, which were exposed to the same solution.
In the third case the "wet probe" carried the standard 3% NaCl 
solution.
5.8.3 RESULTS
Figure 5.20 plots the dielectric constant versus time for the 
free polybutadiene film. During the intitml 105 hours of exposure 
to 3% NaCl solution the dielectric constant of the free film changes 
in the same fashion as the capacitance-time curves of free poly­
butadiene films shown in Figures 5.11 and 5.12', i.e. showing a 
rapid initial increase, before assuming a constant value. After 
105 hours, when the standard 3% NaCl solution was replaced with 
NaCl + NaOH mixture the dielectric constant first increases slightly 
and after about 150 hours shows a much greater rate of change, situation 
similar to the steady linear increase in capacitance observed for 
several corroding and disbonding polybutadiene mild steel samples.
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Samples.A to F shown in Table 5.11 were paired up according 
to their similar thicknesses. One sample from each pair was exposed 
to 2 Molar NaOH solution, whereas the other was first exposed to 
standard 3% NaCl solution, then after 121 hours the solution was 
changed to NaCl and NaOH mixture and finally after 168 hours 
2 Molar NaOH solution was introduced. The exact experimental 
conditins are given in Table 5.11. The dielectric constant-time 
curves for the three sets of experiments in the order of decreasing 
coating thickness are shown in Figure 5.21, Figure 5.22 and 
Figure 5.23 respectively.
The dielectric constant-time curves for the three samples 
which were exposed to 2 Molar NaOH solution show different rates 
of change. It is proposed not to undertake the interpretation of 
the shapes of these dielectric constant-time curves, but instead use 
them to work out the relative changes in the capacitance and/or 
dielectric constant as well as the equivalent amount of water 
uptake. These parameters will be used to carry out qualitative 
assessment and comparison with similar parameters, presented in 
the work described in previous sections.
The dielectric constant-time curves for the three samples 
initially exposed to NaCl solution show only the initial rapid 
change, before assuming a constant value. This behaviour is 
exactly the same as the capacitance-time and dielectric constant­
time curves of free polybutadiene and polybutadiene mild steel 
samples which developed no conductivity, a s shown and described in 
previous sections. However, a further rapid increase in the dielectric 
constant is observed after 121 hours when the standard 3% NaCl 
solution was replaced with solution of high pH. After this time 
the samples show a much greater rate of increase in dielectric
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constant and eventually attain the same dielectric constant 
values as the samples which were exposed to 2 Molar NaOH olution.
Samples A and D with coating thickness in excess of 130 pm remained 
capacitive throughout the 300 hours of exposure. Log. resistance­
time curves for the other two pairs of samples are presented in 
Figure 5.24 and Figure 5.25. Figure 5.24 plots the resistance 
data from samples B and E, whose thickness is approximately 80 pm, 
whereas Figure 5.25 plots the resitance data from samples C and F 
whose thickness is approximately 40pm. Both sampels B and E 
became conducting soon after their exposure to 2 Molar NaOH 
solution. Sample E became conducting only when exposed to solution 
of high pH. Sample C became conducting in standard 3% NaCl 
solution after 90 hours, however a big drop in resistance can be 
observed at a point when the sample was exposed to solution of high 
pH. Another very interesting observation is that both samples in 
the two pairs attain eventually the same resistance, the thicker 
samples, however, yield a higher end resistance than the thinner on®.
At this point it is thought appropriate to introduce the 
results from the small area "wet probe" measurements. The resistance 
data from these experiments is tabulated in Table 5.12 and shows 
that the two samples exposed to 2 Molar NaOH solution developed 
a much lower resistance than the sample which was exposed to 3%
NaCl solution. The small area measurements show that, while the 
two samples, which were exposed to 2 Molar NaOH solution yielded a 
measurable resistance over each individual area, those of the 
sample which was exposed to sodium chloride solution are very high 
even in excess of 250 Mft, except one area whose resistance was 
measured to be 3.2 Mft. Incidentally the overall resistance calculated 
from the individual small area measurements agree rather well
XI
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with the resistance value measured over the whole area.
TABLE 5.12
SAMPLE RESISTANCE DESIGNATION OF RESISTANCE OF OVERALL
OVER THE THE INDIVIDUAL THE INDIVIDUAL RESISTANCE
WHOLE AREA SMALL AREA SMALL AREAS CALCULATED
AFTER 100 HRS MEASUREMENTS (Mft) FROM THE
(Mft) INDIVIDUAL 
SMALL AREA 
MEASUREMENT 
(Mft)
SAMPLE 1 A 2.2
0.5 B 0.5
NaOH C 14
D 10
A 4
SAMPLE 2 B 20
NaOH
0.3 C 4.2 0.21
D 0.4
A 3.2
SAMPLE 3 B 250 Q 19Li • J •J «
NaCl C 250
D >300
The equivalent water uptake values for all the experiments 
described in this section with the exception of the small area 
impedance measurements are given in Table 5.13. It ought to be noted 
that equivalent water uptake values of the thin samples of average 
thickness of 40 ym (sample C and F) after 265 hours of exposure are 
higher than in any other experiment carried out thus far in this 
chapter and compare favourably with the water uptake values of the 
cathodically generated blister experiment in Table 5.7.
5.8.4 CONCLUSIONS
As in previous section here again the main aim was to see 
whether this time the high pH of the electrolyte would give rise to
183
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an increase in capacitance, which would be comparable with that of 
a corroding and disbonding polybutadiene mild steel sample.
The mere fact that an increase in capacitance was observed 
in the case of polybutadiene free film and the polybutadiene 
coated mild steel sample, (both of which did not become conducting), 
when the standard 3% NaCl solution was replaced with the high pH 
solution, suggests that the OH ion is responsible for the increase 
in the capacitance.
The equivalent water uptake values of the two samples of 
approximate coating thickness of 40 ym compare well with the water 
uptake values of both the corroding and disbonding samples of 
section 5.2 and 5.5. as well as the blistered sample of section 5.6,
This would suggest that the OH ion may be responsible for the 
observed increase in the capacitance of corroding and disbonding 
polybutadiene coated mild steel samples.
Figures 5,24 and 5.25 both show that the samples whose standard 
3% NaCl solution was changed to that of high pH after 121 hours 
eventually attain the same resistance as the samples which were 
exposed to a solution of high pH from the very beginning. This 
would suggest that the OH ions penetrate into the coating 
uniformly rather than into individual pores. The work carried 
out \\rith the "wet probe" and presented in Table 5.12 is further 
proof that OH ions penetrate into the coating uniformly.
A polymer coating is made up of Direct "D" type and Indirect 
"I" type areas (20), The direct "D" type areas are regions in the 
coating of low cross-linking density and it is in these areas that 
neutral solutions were found to penetrate the coating (20).
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On the basis of the results in this section, the situation 
when the polybutadiene coating on a metal is exposed to solution 
of high pH can be presented by a schematic diagram of Figure 5.26
pH = 14
'I" type areas "D" type areas
Figure 5.26 Schematic diagram of changes which occur in the 
polybutadiene coating when it is exposed to a 
solution of high pH.
The OH ions penetrate the coating uniformly, i.e. not only 
into the Direct "D" type areas, but also into the Indirect "I” 
type areas. Thus a coating should be conducting not only in the 
nDn type areas, but also in the "I" type areas.
5.9 TITRATION EXPERIMENT
5.9.1 INTRODUCTION
Thus far it was shown that polybutadiene coating when exposed 
to solutions of high pH yield equivalent water uptake values, which 
compare favourably with the water uptake values of corroding and 
disbonding samples. It was also shown in the previous section that 
OH ion penetrates the coating uniformly into the Direct "D" type 
as well as the Indirect "I” type areas. This would suggest that the 
underfilm alkalinity generated by the cathodic reaction in the
186
disbonded region is responsible for the observed increase in 
capacitance of a corroding and disbonding sample. However, in all 
the experiments carried out prior to the section which dealt with 
the effect of pH the boundary conditions were different, where the 
standard 3% NaCl solution was used. Thus, if indeed it is the OH 
ion which is responsible for the observed increase in capacitance 
then it must produce a permanent change in the dielectric constant 
of the polybutadiene coating.
In an attempt to see if such a permanent change in the 
dielectric constant does occur a titration experiment was perceived 
in which a polybutadiene coated mild steel sample was to be 
alternately exposed to solutions of high and low pH,
5.9.2 EXPERIMENTAL CONDITIONS AND SAMPLE PREPARATION
The exact method of sample preparation was the same as that 
described in section 5.8.2. The coating thickness and the 
experimental conditions can be found in Table 5.14
TABLE 5.14
SAMPLE NAME THICKNESS (pm) EXPERIMENTAL CONDITIONS
INITIALLY EXPOSED TO 3% NaCl 
SOLUTION AND THEN ALTERNATELY 
TO NaCl + Na OH and 1 MOLAR 
HCl SOLUTIONS
SAMPLE G 23.7 AFTER 63 HOURS TO NaCl + NaOH 
AFTER 83 HOURS TO 1M HCl 
AFTER 107 HOURS TO NaCl+NaOH 
'AFTER 281 HOURS TO 1M HCl
Here again operational amplifier circuit was used to carry 
out the impedance measurements and the cell design employed was that as 
shown in Figure 4.18.
187,
5.9.3 RESULTS
The dielectric constant and log. resistance plots are shown 
in Figure 5.27 and Figure 5.28 respectively. The initial exposure 
to 3% NaCl solution produces the usual Ghanges in dielectric 
constant and resistance.
Thereafter the sample was alternately exposed to solutions of 
first high and second low pH. This procedure was repeated twice..
As can be seen, whenever this cycle is repeated, initially a rapid 
decrease in the dielectric constant and a sharp increase in the 
resistance is observed, except in the case of the dielectric 
constant when the sample was exposed to the acid solution for the 
first time. If lines of best fit were to be shown through the 
experimental points for the two sets of data, i.e. the data obtained 
in base and acid solutions, the following would be observed. The 
dielectric constant for the sample in base solution increases with 
time, whereas that of the sample in acid solution reaches a constant 
value. Both resistance time curves decrease with time, however 
that of the sample in base solution is almost two orders of magnitude 
lower than that of the sample in acid solution. The equivalent 
water uptake values for this experiment are tabulated in Table 5.15.
5.9.4 DISCUSSION
It is clear from the results of previous section that the 
hydroxyl ion has a profound effect on the dielectric constant 
and conductivity of polybutadiene coating. It is not known how 
these changes come about. The hydroxyl ion could react chemically 
with the polybutadiene coating, however this is thought unlikely 
since polybutadiene is a polymer of simple chemistry (147). It 
could be that the polybutadiene coating absorbs more water as a 
result of its penetration by hydroxyl ions. Whatever the mechanism
188
TABLE 5.15
TIME OF EXPOSURE % EQUIVALENT WATER
(HOURS) UPTAKE
0
0
5
12
19
26
38
63
NaCl
0
3.1 
3.5 
4.8
5.7
6.7
6.8
7.1
66
NaCl + Na OH
4.5
74 - 8.8
83 9.3
84
HCl
11.8
88 10.4
98 10.8
107 10.6
112
NaCl + Na OH
9.7
127 7.6
134 6.1
157 9.4
187 11.3
281 12.7
282
HCl
11.11
308 10,6
357 11.3
427 11.1
the question still remains, namely whether these changes in electrical 
properties are reversible.
If they were to be reversible then the dielectric constant of 
a polybutadiene coating penetrated by hydroxyl ions should initially 
decrease on exposure to acid solution, but eventually attain the 
same end value. Likewise the resistance should initially increase 
as a result of the neutralization reaction and eventually drop to 
the same value.
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It is clear that the initial changes in the dielectric constant 
and resistance follow this trend except the change in the dielectric 
constant on the first exposure to the acid solution. However, the 
end values are rather different. The dielectric constant of the 
polybutadiene coating in hydroxyl environments is on the upward 
increase, whereas that in the acid media reaches a steady value.
The resistance of the coating in hydroxyl environments on the 
other hand is more than an order of magnitude lower than that in 
the acid solution.
This difference in behaviour must be attributed to the_manner 
in which the solutions interact with the coating and can be explained 
in the following way.
Both solutions penetrate the coating, however the polybutadiene 
film is insensitive to the H ion. The fact that the dielectric 
constant and resistance reach steady values, suggests that what is 
being measured is the contribution from the conducting pores only. 
However, polybutadiene is sensitive to the OH ion. What is being 
measured now is the contribution from the conducting pores as well as 
from the Indirect "I" type areas. Thus the net difference in the 
resistance and dielectric constant, between the two situations is 
the contribution from the Indirect "I11 type areas. On re-exposure
# , “f* — # ,to acid solution,H cancels out the effect of the OH ion m  the 
"I" type areas and again only the contribution from the conducting 
MD" areas is being measured.
5.9.5 CONCLUSIONS
The changes in the dielectric constant and resistance in 
this titration experiment were found to be irreversible. The constant 
of irreversibility was found to be the contribution of the "I" type 
areas.
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Polybutadiene coating is sensitive to hydroxyl ions, which * 
not only penetrate into conducting pores, but also into Indirect 
"I" type areas. This "I" type area makes a contribution to the 
overall measured dielectric constant and resistnace of polybutadiene 
coating in alkaline conditions.
Thus it can he concluded that in the case of neutral soltuions 
such as the 3% NaCl solution, where no H ions are present to cancel 
their effect, the underfilm alkalinity generated by the cathodic 
reaction in the disbonded regions produce a real permanent change 
in the dielectric constant and resistance.
5.10 SMALL AREA IMPEDANCE MEASUREMENTS ON DISBONDED POLYBUTADIENE/ 
MILD STEEL SAMPLES
5.10.1 INTRODUCTION
In WATTS' (2,11,146) studies of the mechanisms of delamination 
and rates of disbondment of polybutadiene mild steel system, two 
types of disbondment were identified. These were either side of 
the interphase zone, which formed during the stoving operation.
Type I failure, where some polymer was found remaining on the 
surface was thought to have occurred as a result of ionic transport 
through the film and in so doing producing a weak boundary layer 
above the interphase zone.
Other workers thought along similar lines, for example 
LEIDHEISER (110) proposed a model of disbondment as shown in 
Figure 5.29. In this model the build up of high pH at the 
delaminating point was considered to be rate determining in the 
process of disbondment. It was suggested that the rate at which 
hydroxyl ions can be formed is limited by the rate at which counterion 
cations can reach the vicinity of the surface and provide charge
193
balance near the substrate/polymer interface.
High pH d.v.lopi at thit point btcouH 
of (.action, ^ 0  4 1/2 0 4 2 • 2 OH
buffering (.oclionj
rot.i of diffusion of r.oclanU 10 til* 
rot. of diffut(on of OH' from til* 
volum. of liQuid 
(ott ot which r.ocfion occun
Figure 5.29 Simplified piecture of the mechanism of delaroination 
upon cathodic treatment in an electrolyte (110)
To confirm the above understanding of the mechanisms involved in 
disbondment of the polybutadiene mild steel system it was proposed 
to carry out small area impedance measurements on several disbonded 
samples. The impedance measurements would be carried out on specimens 
disbonded under cathodic potential, since the rate of disbondment 
under this condition is so much faster than the corrosion induced 
rate of disbondment.
5.10.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
Degreased mild steel panels were coated with polybutadiene 
using a wire wound bar coater and cured at 220°C for 30 minutes.
A second coating was then applied and the curing operation repeated. 
Five such samples were prepared. A glass cylinder of internal 
diameter of 8.5 cm was then glued onto the surface of the coating 
and the thicknesses of the coatings were measured using the method 
described in section 5.4. These worked out to be approximately 
(40 - 5 ym) in all cases. A small defect was then introduced by
194
drilling through the coating to the steel in the centre of the 
glass cylinder. The samples were then exposed to 3% NaCl solution 
and a cathodic potential of -1500 mV was applied, using the cell 
arrangement as shown in Figure 4.21. The tests were run until a 
suitable amount of disbondment was obtained. Three samples were 
disbonded for 3 days, which was sufficient time to produce enough 
disbondment (i.e. showing different regions) to allow small area 
impedance measurements to be carried out using a "wet probe" of 
Figure 4.23 of diameter of 0.7 cm. The other two samples were 
disbonded for a much longer time of 7 days to obtain a region of 
type II failure (2) only, i.e. a region adjoining the defect where 
the polymer can be usually seen to be no longer adhering to the 
steel. The small area impedance measurements were carried out 
only within this type IX failure region for these two samples.
Figure 5.30 shows a photograph of the disbonded area around 
the defect. The region next to the defect is the type II failure 
region, where the polymer could be lifted off the surface with a 
scalpel. This area was assigned a name of total disbondment T, 
Immediately outside this region is the type I failure region, where 
the polymer was found to separate from the steel during a peel test.
This was termed the area of peelable region, P. The area • immediately 
outside the peelable region is the region of no disbondment, U, 
where the polymer did not separate from the steel during a peel test.
5.10.3 RESULTS
A typical impedance spectrum from small area impedance measurements 
which were carried out using a "wet probe" of 0.7 cm diameter is 
shown in Figure 5.31. As can be seen the high frequency region 
in the spectrum shows a dispersive effect. It is thought that this 
is due to the fact that the impedance measurements were carried 
out over a very small area.
Figure 5.30 Photograph showing the different regions of
disbondment outside t h e  defect
The capacitance and resistance results from the five experiments 
are presented in Tables 5.16 and 5.17. The capacitance results 
from impedance measurements carried out in different regions show no 
general trend, but instead assume slightly different values. It is 
though: that this might be due to two things
i) The depressed semicircular shape of the impedance spectrum 
in the high frequency range,
ii) Experimental difficulties encountered in ensuring a constant 
area of contact between the polymer and the "wet probe".
Only a very small change in the area of contact will 
influence the value of capacitance, since the impedance is 
is being measured over a very small area.
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A general trend in the resistance results can be observed, however, 
from Table 5.14. These show an increase in the measured resistance 
away from the defect. A big increase in resistance is measured 
between the region of total disbondment and the peelable region. 
Examination of values in Table 5.17 shows that the resistance 
within the region of total disbondment is quite uniform. These 
resistance values in the region of total disbondment are much, 
lower than the resistance values of the regions where the coating 
was found peelable.
Although capacitance results show some scatter, it is clear 
that the values are much higher in the region of total disbondment 
than in any other region. This can be seen from the capacitance 
results shown in Tables 5,16 and 5.17
TABLE 5.16
DESIGNATION 
U-NO DISBONDMENT
LOGARITHM
OF CAPACITANCE pH
SAMPLE
NAME
P-PEELABLE REGION RESISTANCE lr-10 „ x 10 F cmT-TOTAL DISBONDMENT 2ft cm
U 7.4 2.50
P 7.2 3.90 8.78
SAMPLE 1 P 6.8 2.51
T 4.9 INDETERMINATE
U 7.2 1.74
SAMPLE 2 U 8.7 2.30 8.20
P 7.9 2.15
T 4.9 INDETERMINATE
U 7.9 1.68
U 8.0 1.00
SAMPLE 3 P 8.1 1.01 8.68
P 7.1 1.22
T 6.7 9.26
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TABLE 5,17
' SAMPLE 
NAME
DESIGNATION 
U-NO DISBONDMENT 
P-PEELABLE REGION
LOGARITHM
OF
RESISTANCE 
ft cm
CAPACITANCE
-10 -2 pH x 10 Fern
T-TOTAL DISBONDMENT
T 5.3 6.53
T 6.1 4.71
SAMPLE 4 T 5.1 8.38
T 5.2 1.72
T 5.5 3.36
T 6.7 5.98
T 5.7 3.00
T 5.5 2.90
T 5.9 1.56
SAMPLE 5
T 5.9 1,70
T 5.8 6.49
T 6,5 7.27
Another interesting observation which ought to be emphasised is 
the fact that the resistance values of the regions of total disbondment 
are the same as those of samples exposed to solution of high pH
and shown in Figures 5.24, 5.25 and _5.28.
5.10.4 DISCUSSION
The purpose of the work in this section was two fold.
First of all it is known that a high pH builds up at the 
delaminating point and it is reponsible for the coatings separation 
from the metal substrate. It was found in the work in previous
sections that polybutadiene coating was very sensitive to the
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hydroxyl ion, which had the effect of increasing its dielectric 
constant. Surely then diffusion of hydroxyl ion at the delaminating 
point into the coating immediately above it would increase its 
dielectric constant. Thus it would he expected that the capacitance 
of the coating in the region of total disbondment would be somewhat 
higher than in the peelable and undisbonded region. Indeed small 
area impedance measurements have shown this to be the case (data 
presented in Tables 5.16 and 5.17). Therefore it can be concluded 
that OH ions diffuse into the coating from the delaminating point, 
thus making the small area impedance measurement a sensitive enough 
technique to follow the separation of the coating from the steel.
Secondly, and more importantly to find out how the pH is 
generated at the delaminating point in the first place and to test 
the model proposed by LEIDHEISER (110), which is shown in Figure 5.29. 
According to this model, transport of oxygen and cations through the 
coating play an important role in the disbondment of this polymer 
sys tern.
The oxygen necessary to support the cathodic reaction may be 
available from two sources, namely (a) oxygen dissolved in the coating 
itself, since it is known that .polybutadiene coating is readily permeable 
to oxygen as shown by LEIDHEISER (35,110) and (b) oxygen in the solution 
within the disbonded crevice.
There is overwhelming evidence that in the polybutadiene/ steel 
system oxygen and cation transport through the film is rate determining 
in the cathodic delamination process under an applied potential. 
LEIDHEISER (36) has measured an order of magnitude increase in the 
activity of radioactive sodium ion in samples which were cathodically 
polarised to -0.8V vs. sCE as compared to the behaviour in the 
absence of the applied potential. Presumably this would have been 
even larger if higher cathodic potentials were employed. Furthermore
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if transport of oxygen and cations through the coating was to 
support the cathodic reaction, surely the disbondment rate would 
depend on the thickness of the coating. Such a relationship has 
been found with the polybutadiene/ steel system by LEIDHEISER (110).
The small area impedance measurements on disbonded samples in 
this section, have shown that the coating becomes highly conducting 
in the region where disbondment had occurred (data presented in 
Table 5.16 and 5.17). Could it be that this conductivity developed 
because of sodium ion migration through the coating? Perhaps 
the presence of the hydroxyl ion in the coating might account for 
this conductivity, however the question is whether this would give 
rise to such uniform resistance in the region of total disbondment? 
(data presented in Table 5.17).
Work in section 5.8 has shown that the hydroxyl ion penetrates 
the coating uniformly, ie. into the "D” and "I" type areas. It 
was also stated in section 5.9 that the OH ion has a profound 
effect on the conductivity of the coating. It was not, however, 
suggested that this uniform penetration of hydroxyl ion into the 
coating would make it uniformly conducting. In fact small area 
impedance measurements with the "wet probe" on the samples, which 
were exposed to solution of high pH, showed that although all 
areas became conducting their resistnace was far from uniform 
(data presented in Table 5.12). The fact that the resistance was 
found to be so uniform in the region of total disbondment would suggest 
that ionic transport through the film does occur (data presented 
in Table 5.17) .
Thus the small area impedance results as well as all the 
evidence in the literature, confirm that it is the diffusion of the 
oxygen through the coating that supports the build up of the high 
pH at the interface between the polymer and the metal oxide.
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One would have thought on the other hand that the generation 
of the high pH would be more easily sustained by the oxygen in the 
bulk solution, since there it is undoubtedly in more plentiful 
supply. To explain this anomaly the following model is proposed, 
which looks at the electrochemistry within the disbonding 
crevice (as shown in Figure 5.32).
s
BULK SOLUTION
PH = 14
  'YYYYW ___________
pH and Na+ GRADIENT
<5---------------------------------------------------------------------------------------------------------------------------- — -------------------------------------- ----------------------------------
OXYGEN GRADIENT —     —  »
Figure 5.32 Pictorial presentation of the electrochemistry 
in the disbonding crevice.
pH as high as 14 has been measured at the delaminating point 
using underfilm probes (107,109). In this work the pH of the 
bulk solution has been measured to be between 8 and 9.
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Thus assume that the crevice is formed by drawing water 
from the bulk solution by capillary action and a pH gradient exists 
within this crevice between the delaminating point and the bulk
solution (as shown in Figure 5.23). It is known that the diffusion
+ — # mrates of Na , OH and 02 m  water are approximately all the same
_5 2and of the order of 10 cm /5 (150). Therefore, in order to 
sustain such a pH gradient, there has to be a similar oxygen and 
sodium ion gradient of the same magnitude. (Note that concentrations 
of Na and OH highest at the delaminating point).
The oxygen and sodium ions needed to preserve their equilibrium 
can either diffuse along the interface within the crevice or 
through the coating.
Bearing this in mind, three situations can be envisaged:
i) When the coating is either very thick or impermeable to oxygen
Hh + , ,and Na then 02 and Na will only be available from the bulk
solution. There will be a critical crevice length (interfacial
path length), beyond which the concentration of the oxygen in the
solution will not be able to preserve the necessary equilibrium and
the pH of 14 at the tip of the crevice will decrease ,
ii) When the crevice length is very much greater than the critical 
interface path length and the coating remains impermeable to oxygen 
and sodium ions, then the pH at the tip of the crevice will be 
close to the equilibrium value of the metal oxide, or
through ion exchange, with a characteristic value of polymer.
iii) However, if the coating shows some permeability to these species 
and in the likely event that the crevice length is very much greater 
than both the coatings thickness and the critical interfacial path 
length, then transport Of these species through the coating under the 
influence of an applied potential will restore the equilibrium.
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The pH at the tip of the crevice that is the delaminating point 
will again reach a value of 14.
Thus in the initial stages of a cathodic polarization experiment,
when the crevice length will be less than the critical interfacial
path length, the disbondment rate . should be the same irrespective
of the properties of the polymer in question. However, once 
the critical crevice length is exceeded, the disbondment rate will 
be a function of the thickness of the coating and its permeability 
to oxygen and the cation.
On the basis of this model a thin polybutadiene coating, 
which is readily permeable to oxygen, should allow generation of a 
high pH at the delaminating point to be achieved by oxygen and ionic 
transport through the coating. This has indeed been found 
experimentally in this section.
5.10.5 CONCLUSIONS
(i) The hydroxyl ions, which build up at the delaminating
point diffuse into the coating and in so doing increase the dielectric 
constant of that part of the coating, which had delaminated. The 
small area impedance measurements were sensitive enough to follow 
the separation of the coating from steel.
(ii) Although diffusion of hydroxyl ion may contribute to the 
overall conductivity the fact that the coating is so uniformly 
conducting in the disbonded region must mean that transport of the 
cation through the coating does occur. It can therefore be concluded 
that oxygen transport through the polybutadiene coating supports
the cathodic reaction at delaminating point.
(iii) The observed behaviour of this polymer system has been 
successfully accounted for by the proposed model and attributed 
to its exceptionally high permeability to oxygen.
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(iv) OH ions are not generated in the undisbonded polymer , 
i.e. the aqueous phase is required for disbondment and ^ 0  in this 
film is insufficient.
5.11 DISCUSSION
The work in sections 5.2 and 5.3 has shown distinct differences 
in the behaviour between free polybutadiene films and polybutadiene 
coated mild steel samples. The polybutadiene coated mild steel 
samples developed resistance, which decreased with time, whereas 
free polybutadiene films, which were cured at 190°C did not develop 
resistance at all within the same exposure time. The capacitance 
time curves for polybutadiene free films showed an initial rapid 
increase bef°re reaching a steady value, whereas those of polybutadiene 
coated mild steel samples showed the same initial rapid increase 
followed by a steady linear rate of change of capacitance with time. 
During this stage of steady linear increase in capacitance, corrosion 
and areas of delamination was observed beneath the coating.
A model was proposed by KENDIG, MANSFELD and TSAI (54) to 
account for the observed decrease in resistance of polybutadiene 
coated mild steel system. It stated that the stresses set up in 
the film as a result of oxide jacking allow more solution to enter 
the conducting pores. This model has been dismissed on the basis 
of the work carried out in section 5.6. There the formation of 
corrosion product underneath the coating was prevented by applying 
a cathodic potential of -1500 mV, which instead caused extensive 
blistering of the sample. The equivalent water uptake values worked 
out from the capacitance measurements compared well with the water 
uptake values of corroding and disbonding samples.
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The work carried out in section 5.7, where the effect of a 
water film between a polybutadiene film and a steel panel on 
measured capacitance was investigated, eliminated the possibility 
that the observed linear increase in capacitance of a corroding 
and disbonding sample might be due to the changes occurring at the 
interface constituted by the polymer and metal as a result of bond 
rupture by the cathodic reaction.
The fact that pH as high as 14 was measured at the delaminating 
point of disbonding samples (107,109) prompted the work in section 5.8, 
where the effect of pH on measured impedance was studied. Their 
equivalent water uptake values worked out from capacitance 
measurements were found to be slightly higher than any of the water 
uptake values of previous experiments, suggesting that the hydroxyl 
ion generated by the cathodic reaction may be responsible for the 
observed steady linear increase in capacitance of corroding and 
disbonding samples. It was also concluded from the resistance 
results that the hydroxyl ion penetrates the coating uniformly 
into the Direct nD,f type and Indirect "I" type areas of the coating.
The titration experiment in section 5.9 showed that the high pH 
produces a permanent change in the dielectric constant of the 
polybutadiene coating. Thus it was concluded that the hydroxyl 
ion casues a genuine increase in the dielectric constant of 
polybutadiene coating and this change is permanent as long as the 
external solution remains neutral or alkaline.
Having shown that a permanent increase in the dielectric 
constant does occur as a result of hydroxyl ion penetration into the 
polybutadiene coating, it seemed possible that this very property 
could be utilised to determine the extent of disbondment of cathodically 
polarized samples. Hence the reason for small area impedance 
measurements on disbonded samples in section 5.10. Here it was
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assumed that the hydroxyl ion generated at the delaminating point 
would diffuse into the coating immediately above it. Indeed the 
capacitance of the coating was found to be highest in that part 
of the coating under which complete disbondment had occurred. Thus 
this technique was found to be sensitive enough to detect the extent 
of disbondment.
The resistance results from the small area impedance measurement 
told a different story. It was concluded that transport of sodium 
ions and not the mere presence of the hydroxyl ion, accounted for 
the exceptionally uniform resistance in that part of the coating 
which had undergone complete separation from steel, It followed 
from this that transport of oxygen and cations through the film 
supports the cathodic reaction and the build up of high pH at the 
delaminating point. This happens as discussed in the proposed 
model (Figure 5.23),because of this coatings extremely high 
permeability to oxygen (36,110).
The universality of the proposed model will be tested in the 
next chapter.
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6 EXPERIMENTAL WORK ON EPOXY/STEEL SYSTEM
6.1 INTRODUCTION
Powder epoxies are heavy duty coatings typically (200-800 ym) 
thick used by the British Gas Corporation to protect its underground 
gas pipelines. A problem which is encountered when using such a 
corrosion protection system in conjunction with impressed current 
cathodic protection is that of cathodic disbondment at any holidays 
(defects) in the pipe coating.
In the preceeding chapter a commercial polybutadiene/steel system 
has been investigated using the a c impedance technique. These were 
thin coatings typically (20-50 ym) thick. On the basis of small area 
impedance measurement a simple crevice model was proposed. It was 
concluded from this model that it is the transport of oxygen and cations 
through the polybutadiene coating, which allow the build up of high pH 
and hence disbondment by oxide dissolution to take place in this polymer/ 
metaj system. Furthermore the coatings sensitivity to this pH allowed 
the progress of disbondment to be followed. However, the mechanisms 
as well as the rates of disbondment of the epoxy/steel system are 
completely different from those of the polybutadiene/steel system as 
proven by WATTS (2,111,112,146). Thus a study of the epoxy/steel 
system was undertaken by the a c impedance methods, with three 
objectives in mind:
(i) To ascertain whether the crevice disbondment model which 
was proposed for the polybutadiene/steel system can explain why 
the mechanism and rates of disbondment are so different in the two 
cases.
(ii) Determine, whether this epoxy polymer is sensitive to the 
hydroxyl ion and therefore whether the small area impedance measure­
ments could be used to assess the extent of delamination.
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(iii) Provide answers, whether structural defects, which very 
often feature in the coating could be identified and detected and 
whether these are injurious to the polymer.
6.2 IMPEDANCE MEASUREMENTS OF EPOXY/STEEL SYSTEM
6.2.1 INTRODUCTION
One of the common problems encountered by British Gas Corporation 
during the coating procedure of the gas pipes and their subsequent 
field handling operations such as proof testing and field bending, etc. 
is that of defects in the epoxy coating. Although British Gas use 
their own nomenclature to refer to an devised test methods to identify 
such defects for the purpose of this investigation these may be 
broadly speaking divided into two categories.
Macrodefects are those defects which can be detected by the 
holiday test in which a potential of several hundred volts is applied 
between the steel pipe and a wire brush, which traverses the surface 
of the coating. The defects are pinpointed when a discharge is 
observed, signalling that there is a complete discontinuity between 
the steel pipe and the wire brush.
Microdefects on the other hand are those defects which cannot 
be picked up by the holiday test and can only be detected by more 
subtle techniques such as optical or electron microscopy. Figure
6.1 shows a photomicrograph of a typical microdefect.
Grave concern was expressed by British Gas particularly about 
the latter type of defect and a study was undertaken by the impedance 
method with two objectives in mind:
i) whether these can be picked up by the impedance method,
ii) whether these are injurious to the polymer and provide
paths of easy access to the solution right through to the metal.
209
Figure 6.1 Photomicrograph of a typical microdefect.
To this end large area impedance measurements will be carried 
out on a sample containing microdefects in 2 Molar NaOH solution as it 
is believed after work with polybutadiene coatings that this solution 
will accelerate the rate of formation of conducting paths through 
the coating.
Samples containing macrodefects will be the subject of study in 
section 6.3, using small area scanning impedance technique.
In order to determine whether the epoxy polymer is sensitive 
to the hydroxyl ion, large area impedance measurements will be
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carried out on two identical epoxy coated steel samples, one exposed 
to standard 3% NaCl solution and the other to 2 Molar NaOH solution.
Finally small area impedance measurements will be carried out 
on a disbonded epoxy/steel sample. These results will be used to 
test the validity of the proposed crevice model.
6.2.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS
To obtain coated epoxy steel panels a special jig was constructed
(2) to enable the panels to be transferred from the oven to the 
spray booth without excessive cooling. The jig consisted of a 
steel plate, the panels (two could be accommodated at a time) 
were clamped in place by rebated stainless steel rails secured to the 
back plate with stainless steel machine screws. Panels were clamped 
in the jig, and pre-heated, coated and cured according to the 
schedule given below:
a) Preheat panel in air oven at 240°C for 30 minutes
b) Spray with flock gun
c) Cure at 240°C for 3 minutes
d) Quench in water
Following water quenching the retaining rails were released 
and the coated panels removed. This coating method produced
coating thicknesses of approximately 200 ym. The dielectric constant
of the epoxy coating as provided by British Gas Corporation was 
quoted at 2.04 (measured at 1 MHz).
Samples containing defects were supplied by British Gas in the
form of large tensile specimens (dimensions 36 cms x 8 cms).
These \?ere given various amounts of plastic deformation in order to 
produce the two types of defects described in the introduction to 
this section.
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Large area impedance measurements were carried out in two 
electrode configurations using the cell arrangement as shown in 
Figure 4.18. The cathodic disbondment test was carried out at 
-1500 mV in standard 3% NaCl solution, using the cell arrangement 
as shown in Figure 4.21. "Wet probe" of 0.7 mm diameter, Figure 4.22 
was used to carry out small area impedance measurements. Use was 
made of the operational amplifier circuit in all the measurements.
6.2.3 RESULTS
All the samples which were subjected to large area impedance 
measurements remained capacitive throughout the whole period of 
immersion in their respective electrolytes. A typical capacitive 
impedance response is shown in Figure 6.2. These impedance 
diagrams were used to obtain dielectric constant-time curves, which 
are shown in Figure 6.3. The corresponding water uptake values 
are tabulated in Table 6.1. These dielectric constant time curves
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Figure 6,2 Typical Nyquist plot oF an epoxy coating 
when exposed to either saline or alkaline solution.
212
CO
CkL
ZDO
zn
zsz
LU
TZ
iNvisNoa oiarniaia Figu
re
 
6.3
 
Di
el
ec
tr
ic
 
co
ns
ta
nt
 
- 
ti
me
 
cu
rv
es
 
oP 
ep
ox
y 
co
at
ed
 
st
ee
l 
sa
mp
le
s 
wh
ic
h 
we
re
 
ex
po
se
d 
to 
di
FF
er
en
t 
el
ec
tr
ol
yt
es
.
213
are similar to those of polybutadiene coated mild steel samples 
which did not become conducting. A rapid change in the dielectric 
constant is observed initially before it reaches a constant value.
The most important features to note are the fact that both 
the sample exposed to standard 3% NaCl solution as well as the 
one exposed to 2 Molar NaOH solution reach the same end dielectric 
constant value. The dielectric constant-time curves of the sample 
containing microdefects plateaus off at a higher value of dielectric 
constant, yielding water uptake values which are double those of 
the other two samples (Table 6.1).
The results from small area impedance measurements on disbonded 
samples are shown in Table 6.2. The impedance response was found to 
be purely capacitive even in the region of total disbondment. 
Furthermore the capacitance values in the disbonded and undisbonded 
regions are the same.
6.3 SCANNING IMPEDANCE MEASUREMENTS OF EPOXY/STEEL SYSTEM
6.3.1 INTRODUCTION
As mentioned in section 6.2.1, one of the common problems 
encountered by British Gas during the coating and various field 
handling operations such as proof testing, field bending, etc., is 
the problem of macrodefects. In order to determine whether these 
defects are injurious to the polymer and have any adverse effect on 
the electrical properties of the epoxy/steel system under immersed 
condtions a small area scanning impedance technique was developed.
It was hoped that this technique would identify and pick up 
these macrodefects.
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Table 6.1
Figure 6.2
EXPOSED TO 3% EXPOSED TO EXPOSED TO
NaCl SOLUTION 
200JX m
NaCl+NaOH SOLUTION 
200/U.m
NaCl+NaOH SOLUTION 
200Mm (DEFECTS 
IN THE COATING) '
TIME % WATER TIME % WATER TIME % WATERUPTAKE UPTAKE UPTAKE -
0 0 0 0 0 0
0 1.75 0 1.77 0 3.19
1 2.17 5 2.92 119 20.47
4 2.87 12 3.87 297 21.80
10 3.50 20 10.40 973 22.66  ^1
17 3.76 40 10.70 1044 22.38
24 4.18 79 10.44
36 4.71 103 11.19
48 5.10 127 10.79
60 5.21 151 11.32
72 5.64 175 11.32 •
84 6.07 199 11.34
96 6.24 247 11.26
108 6.42 663 11.65
120 6.58 909 11.89
132 6.69
156 7.07
180 7.31
228 7.98
252 8.13
276 8.21
300 8.31
324 8.57
348 8.81
372 j 8.84
396 9.00
420 9.07
468 9.16
540 9.50
551 • 9.60
745 10.25
1030 10.37
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6.3.2 SPECIMEN PREPARATION AND EXPERIMENTAL CONDITIONS 
Untested and tensile tested specimens were exposed to standard 
3% NaCl solution for a period of one week after which time they were 
removed and dried with tissue paper .
TABLE 6.2
AREA DESIGNATION
U-AREA OF NO 
DISBONDMENT
T-AREA OF TOTAL 
DISBONDMENT
CAPACITANCE
/  -2 F.cm
in-ll x 10
Log RP
U 3.41 -
T 3.80 -
T 3.40 -
T 2.46 -
T 2.39 -
T 2.80 -
T 4.03 -
U 3.37 -
Immediately after this operation, scanning impedance measurements 
were carried out at 4000 Hz. In this method a "wet probe" of 0.7 mm 
diameter was moved along the surface of the coating and readings of 
the modulus of impedance and the phase angle were recorded at 
intervals of 0.5 cm.
6.3.3 RESULTS
Figure 6.4 shows an impedance-distance map across the surface 
of undamaged and untested polymer coated steel sample. The measured 
impedance changes only slightly with distance and the phase angle 
remains 90° out of phase. This means that the coating behaves in a 
purely capacitive manner and is not conducting. The slight differences
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in the impedance with distance can be attributed to local differences • 
in coating thickness and/or slight differences in the contact area, 
which the "wet probe" makes with the coating.
In complete contrast, Figure 6.5 shows an order of magnitude 
change in the measured impedance as the probe traverses the surface 
of the damaged coating. The phase angle deviates sharply from 90°, 
whenever there is a sudden decrease in the measured impedance.
This suggests that the microcraclcs in the plasticly deformed specimen 
become conducting.
Hence this method is capable of detecting macrodefects and 
it can be concluded therefore that these are injurious to the coating, 
since they provide conducting paths right to the surface of the metal.
6.4 DISCUSSION
It has been shown by WATTS (2,112,146) that the rate of disbondment 
of the epoxy coating from steel is at least an order to two orders 
of magnitude slower than that of the polybutadiene/steel system. 
Furthermore, XPS analysis of failed samples subejcted to cathodic 
disbondment tests (2,112) showed that the epoxy coating fails by 
two mechanisms. Initially the coating separates from steel by 
oxide dissolution giving rise to what was termed as the "halo effect" 
Thereafter the coating failed by true interfacial (adhesive) 
mechanism, where the locus of failure was found to be at the inter­
face constituted by the polymer and the metal oxide. The question is 
can this disbondment behaviour be explained in terms of the crevice 
model which was proposed in Chapter 5, Figure 5.32?
The small area impedance measurements (data presented in Table 6.2) 
have shown that unlike in the case of polybutadiene system, the epoxy 
coating did not develop conductivity in the region of total disbondment. 
This is most certainly because of the extreme thickness of the coating
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(200 ym), however there are indications that the epoxy polymer is 
inherently impermeable to the sodium ion. The sample with micro­
defects, which was exposed to 2 Molar NaOH solution produced an 
abnormally high value of dielectric constant. This can only be 
explained in terms of an increase in the volume fraction of solution 
in the coating which enters the microcracks. These microcracks 
undoubtedly have the effect of decreasing the thickness of the coating, 
however the sample did not become conducting, thus suggesting that the 
epoxy coating is inherently impermeable to the sodium ion. It is not 
known wbat the diffusion rate of oxygen through the epoxy coating is, 
however it is believed that the extreme thickness alone will prevent 
oxygen from reaching the polymer/metal oxide interface.
The mechanism of disbondment of the epoxy coating can thus be 
explained in terms of the crevice model in the following way.
Initially, before the critical crevice length is exceeded, a 
high pH of 14 will be achieved by oxygen reduction from the bulk 
solution. This high pH will slowly dissolve the metal oxide in the 
crevice. However, as soon as this critical crevice length is 
exceeded the pH at the delaminating point \<rill start to drop as the 
required oxygen and sodium ion necessary to sustain the equilibrium 
is prevented from reaching the coating/metal oxide interface, because 
of the extreme barrier properties of the epoxy coating. Thus the 
locus of the failure will change to that of the interfacial region 
between the coating and the metal oxide and the disbondment will 
occur slowly by true interfacial (adhesive) failure mode.
The epoxy coating was found to be insensitive to the hydroxyl ion. 
Data presented in Table 6.1 shows that there is no difference between 
the end dielectric constant values of samples exposed to standard 3% 
NaCl and 2 Molar NaOH solutions. For this reason the small area 
impedance technique (data presented in Table 6.2) was not able to 
discriminate between those areas which have and have not delaminated.
Finally the small area . scanning impedance measurements have 
shown how this simple technique can be used to detect areas of 
complete discontinuity in the coating.
6.5 CONCLUSIONS
(i) The simple crevice model proposed to explain the mechanisms of 
disbondment of the polybutadiene/steel system was also found to explain 
successfully the disbondment behaviour of the epoxy/steel system. Small 
area impedance measurements have shown that the coating does not become 
conducting in the region of total delamination, thus ruling out the 
possibility of ionic transport through the coating. It can be 
concluded that this is because of the extreme thickness of the epoxy 
coating, however it is believed that the epoxy coating is inherently 
impermeable to the sodium ion and has very low oxygen diffusion rates.
Thus, initally before the critical crevice length is exceeded high 
pH of 14 will be attained due to reduction of oxygen from the bulk 
solution and therefore disbondment takes place by oxide dissolution 
giving rise to the familiar "halo effect" (2,112). Thereafter, i.e. 
when the crevice length is greater than the critical length the pH of 
14 will not be attained, since ionic transport as well as oxygen 
diffusion is not possible and therefore disbondment occurs very slowly 
by the interfacial (adhesive) failure.
(ii) The epoxy coating was found to be insensitive to the hydroxyl 
ion. This coupled with the fact that a high pH could not be attained 
within the disbonding crevice, because of the polymers properties, did not 
allow the progress of disbondment to be followed by the sEiall area 
impedance technique.
(iii) Impedance techniques can be used to study the homogeneity 
of the coating. An abnormally high value of dielectric constant 
obtained by large area impedance measurement, highlights the presence of 
microdefects. Small area scanning impedance measurements on the other hand 
can be used to detect the presence of macrodefects. This latter technique 
offers an alternative approach over the holiday test used by British 
Gas Corporation for detecting such defects.
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7. FURTHER WORK
Some results from the work described in previous sections as 
well as one further set of results will be presented, because it is 
felt that these will help in developing the discussion section which 
will follow.
Firstly, figure 7.1 plots the dielectric constant data from 
five different experiments, which were all carried out in standard 
3% NaCl solution. The origin of these experiments and the coating 
thicknesses of the samples can be found in Table 7.1. As can be 
seen, although the thicknesses of these coatings are quite similar 
the dielectric constant-time curves plateau off at different values 
of dielectric constant, an experimental observation which ought to be 
explained.
Secondly, in order to explain some experimental observation
made by P1ENS and VERBIST (53) and SCANTLEBURY (56), i.e. that
although corrosion could be seen beneath the coating, no faradaic
processes were present in the impedance spectrum a special computer
program was written, which calculates impedance response of a two-
time constant circuit. The circuit is based on the model given
in Figure 2.9(d). The impedance was calculated over a frequency
-3range of 100 KHz to 10 Hz. The resistance and capacitance values
for the faradaic component of the circuit, were worked out from
Figure 4.6(b) showing corrosion of steel in tap water, by assuming
that corrosion develops beneath the coating over an area of
2approximately 0.003 cm . The change transfer resistance worked out
-7at 1 MS], whereas the double layer capacitance at 5.134 x 10 F.
This gives a time-constant for the corrosion process of 0.5134.
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TABLE 7.1
EXPERIMENT COATINGTHICKNESS
(pm)
SECTION 5.6
CATHODICALLY GENERATED 
BLISTER
44.5
SECTION 5.5
NEW POLYBUTADIENE ON 
STEEL SAMPLE 1
49.4
SECTION 5.5
NEW POLYBUTADIENE ON 
STEEL SAMPLE 2
46.8
SECTION 5.8
FREE POLYBUTADIENE FILM 
pH EXPERIMENT
40.1
SECTION 5.8
POLYBUTADIENE ON STEEL 
pH EXPERIMENT
38.6
The values for six different situations of coating resistance and 
capacitance can be found in Table 7.2, The impedance spectra for these 
six circuits are presented in Figures 7.2 (a) , (b) , (c), (d), (e) and (f).
As can be seen from Figure 7.2(a) and (b) only one process is
present in these impedance spectra, the second faradaic process
being obscured by the high resistance of the first process. The 
high resistance is responsible for the time constant of the first 
process being greater than that of the second one. The second
process starts to appear in the impedance spectrum only when the time
constant of the first process is at least an order of magnitude 
smaller than the second faradaic process as shown in Figure 7.2(c).
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TABLE 7.2
C i
R1 = 100
-7
C2 = 5.134 x 10 F
R3 = 106
C2R3 = 0.5134
DUMMY CELL TIME CONSTANT 
C1R2
CAPACITANCE 
FROM BUDE PLOT 
(pF)
RESISTANCE 
X 10 
(va.;
9R2 = 10 ft 
0^  ^= 2200 pF
2.2 2200(2200) at 100 KHz 1000.9
O
R2 = 10 ft 
= 2600 pF
2.6 x 10"1 2600
(2600) at 100 KHz
101
r2 = 107 ft 
C± = 3000 pF
3.0 x 10~2 3001(3000) at 100 KHz
11
r2 = io6 ft 
C, = 3400 pF
3.4 x 10~3 3410(3400) at 100 ICHz 2
R2 = lo5 f t  
C1 = 3800 pF
U3 CO X i—1 o
1 4023 
(3817) NYQUIST 
(3800) at 100 KHz
1.1
r2 =  104 ft 
C1 = 4200 pF
4.2 x 10 5 5576 
(4233) NYQUIST 
(4206) at 100 KHz
1.01
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Figure 7.2 (a) , (b) , (c)  EPPect oP coating resistance 
on the impedance response oP a two time constant system 
The exact c irc u it parameters are shown in table 7.2,
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Figure 7.2 (d), (e), (F) EFFect oF coating resistance 
on the impedance response oF a two time constant system. 
The exact c irc u it parameters are shown in table 7.2.
As the time constant of the first process decreases the second 
process begins to feature in the impedance spectrum more and more 
strongly as can be seen from Figure ‘7.2 (d), (e) and (f)
The capacitance values from the high frequency region of the 
B.ode plot are presented in Table 7.2. Inaccurate values of
-3capacitance are obtained once the time constant falls below 10 ,
which is in agreement with the experimental observations made in 
section 4,7.2. However, those calculated from the Nyquist plot 
seem to be quite good.
Thirdly, advantage will be taken of impedance data from Figure 
7.2(e) and (f) to explain one further point. LEIDHEISER (44,49) 
used an experimental arrangement in the studies of polybutadiene 
mild steel system, which measured the in-phase and out of phase 
(quadrature) components of the applied signal. The principle of 
this method is shown in Figure 7.3 (49),
90
o
0
o
FIGURE 7.3 Vector diagram showing the relationship between 
IT, IL, and Ic (49) .
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This is equivalent to measuring the real and imaginary components 
of impedance. The out of phase (quadrature) or in other words the 
imaginary component of impedance was used to calculate the 
capacitance at 3000 Hz.
A question arises. Is this method accurate enough when a 
corroding coated metal develops coating resistance less than 100 Kft ? 
The capacitance values were calculated using equation 3.13
by substituting the imaginary component of imepdance at each 
frequency from 100 KHz down to 357 Hz. Examination of capacitance 
values obtained by this method (as tabulated in Table 7.3), show 
quite clearly that the value of capacitance at 3760 Hz for the 
case of 100 K/Lresistor is 69 pF higher than it ought to be, 
whereas the capacitance at the same frequency for the case of 
10 Kft resistor is more than double than it should be. This suggests 
that the method employed by LEIDHEISER was prone to serious errors 
if the coating developed a resistance less than 100 Kft.
It ought to be noted from Table 7.3 that at 100 KHz the 
capacitance calculated from the imaginary component of impednace 
is exactly what it should be for the case of 100 Kft resistor and 
only 6 pF higher for the case of 10 K/rresistor. Furthermore, the 
capacitance values in Table 7.2 calculated by substituting the 
imaginary component of impedance at a frequency of 100 KHz into 
equation 3.13, show that this method allows very accurate 
determination of systems capacitance, provided the parallel 
resistance does not assume a value of less than 10 Kft.
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Finally, figure 7.4 shows a typical impedance spectrum of a 
polybutadiene coated mild steel sample, which bad a defect introduced 
in the centre of the cell by drilling through the polymer to the 
steel (cell arrangement as shown in Figure 4.21). This spectrum 
appears to be a Warburg type of impedance response and therefore 
suggests that what is being measured is the impedance of the bare 
steel and not the coating around it.
7.1 DISCUSSION
Dielectric constant is a materials property, which in simple 
terms is basically the product of the capacitance and the thickness 
of the medium being measured. Thus the dielectric constant-time 
curves of coatings on steel which give a purely capacitive response 
ideally should be the same irrespective of their thicknesses. This 
is clearly not the case for polybutadiene coatings as can be seen 
from Figure 7.1 even though they are of similar thickness.
It was shown in Chapter 6, Figure 6.1, that minute microcracks 
and defects in the epoxy coating were responsible for the dielectric 
constant, being double that of a defect free specimen. Thus it can 
only be concluded that defects must be responsible for the differences 
observed in Figure 7.1. Those coatings having a greater number of 
defects, whether these be pores, capillaries or air bubbles uptake 
proportionally more water and therefore give rise to higher 
dielectric constant. This is an important consideration since a 
high dielectric constant invariably means that the coating uptakes 
proportionally more solution making the likelihood of the coating 
becoming conducting and hence corrosion so much more probable.
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Once a polymer coating is penetrated by a conducting phase, 
i.e. water and ions as well as oxygen, corrosion processes can 
then begin at the interface constituted by the polymer and the 
metal. It was shown with the aid of six equivalent circuits based 
on an electrical model shown in Figure 2.9(d), that the faradaic 
corrosion processes can be detected and studied by the a c 
impedance technique only when the following condition arises. The 
first time constant, i.e. the product of polymer capacitance and 
resistance must be at least an order of magnitude lower than the 
time constant of the second faradaic process. As it is the coatings 
resistance that determines the value of the first time constant, 
since it is the resistance which shows the greatest rate of change 
during exposure to an electrolyte, the follox^ing conclusion may be 
reached. Although corrosion might be present underneath the coating 
the faradaic processes will not be present in the impedance 
spectrum if the polymer coating inherently retains a very high 
resistance.
The work described in Chapter 5 showed that the capacitance 
of corroding and disbonding polybutadiene/steel samples increased 
in a steady linear fashion with time. Capacitance-time measurements 
carried out on the same system by LEIDHEISER (35,48), on the other 
hand revealed a sudden change from this linearity at high exposure 
times. This stage three region (as can be seen in Figure 2.5 in 
Chapter 2) was most pronounced for thin coatings, which develoepd 
extremely low resistance.
In order to explain why this stage three region might have 
arisen in LEIDHEISER'S (35,48) measurements, the following 
discussion can be undertaken on the basis of the analysis carried 
out in the previous section.
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A polymer coating which is penetrated by a conducting phase 
is basically what is known as a "leaky capacitor", i.e. a capacitor 
shunted by a finite resistance. When an alternating voltage is 
applied all of the current will flow via the capacitor only when 
the frequency is such that the resultant reactance of the capacitor 
is very much smaller than the resistance of the parallel resistor.
It is only under these conditions, i.e. when .the voltage is 90° 
out of phase with the current (or thereabouts) that an accurate 
measurement of capacitance can be made. As the reactance of a 
capacitor is inversely proportional to the frequency (equation 3.13) 
it follows that the lower the value of parallel resistance the 
higher the frequency needed for an accurate measurement of capacitance.
Work carried out in the preceeding section (Table 7.3) has 
shown that the capacitance at a frequency of 3760 Hz of a 4200 pF 
capacitor shunted by a 10 Kft resistor was double what it should have 
been. The same network at a frequency of 100 KHz on the other band 
yielded a capacitance value of 4206 pF.
Figure 2.5 shows that some the thin coatings, which have a 
very pronounced stage three region, developed extremely low 
resistance. As LEIDHEISER carried out his measurements at 3000 Hz 
it can be concluded that this stage three region would not have 
been observed bad be employed a higher frequency of say 100 KHz 
in his measurements.
In section 4.7.2. it was shown that the capacitance measurement
from the Bode plot is subject to approximately 12% error once the
-3time constant falls below 10 . For a real cell of typical capacitance
of 3000 pF this error would become apparent when the coating developed
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resistance of 1 Mft.' Work in Chapter 5 has shown that polybutadiene 
coatings of typical thickness of between (20 ym -* 50 ym) do develop 
resistance less than 1 Mft, but very seldom lower than 10 Kft. Thus 
the single frequency measurement of capacitance at a frequency of 
100 KHz offers a real alternative over the Bode plot method when 
one has accuracy in mind.
7.2 CONCLUSIONS
(i) The dielectric constant of coatings of similar thickness 
after exposure to an •electrolyte, but prior to development of 
conducting paths need not be the same. This difference has been 
attributed to inhomogeneity of the coatings structure that is the 
distribution and the number of defects present in the coating. This 
ought to be recognised as an important result, since a high 
dielectric constant will undoubtedly mean that the coating uptakes 
proportionally more solution . making the likelihood of the coating 
becoming conducting and hence corrosion so much more probable.
(ii) The ac impedance technique may not be able to fully map 
out the corrosion processes occurring at the polymer metal interface, 
unless the time constant of the first process, i.e. the product of 
coatings capacitance and resistance is at least an order of 
magnitude lower than the time constant of the faradaic processes.
The magnitude of the first time constant is determined in the main 
by coatings resistance, since it is this quantity which shows the 
greatest rate of change during exposure to a dielectrolyte. Thus 
faradaic processes may be absent in the impedance spectrum, even 
though corrosion may be observed beneath the coating if the polymer 
coating inherently retains a very high resistance.
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(iii) Single frequency measurements of capacitance can only 
be made accurately when the frequency is such that the reactance 
of the coatings capacitance is very much smaller than the 
resistance through the coating. The lower the coatings resistance 
the higher the frequency needed for an accurate measurement of 
coatings capacitance. It was shown that a frequency as high as
100 KHz was needed in order to determine accurately the capaictance 
of a network consisting of 4200 pF in parallel with 10 Kft resistance.
On the basis of this argument it was concluded that the stage 
three region in the capacitance-time curves reported by LEIDHEISER 
(35,48), was observed, because the frequency of 3000 Hz was clearly 
too low to allow accurate determination of capacitance for those 
coatings which developed very low resistance (Figure 2.5).
Single frequency measurement at 100 KHz was seen as a more 
accurate method of measuring coatings capacitance than the Bode 
plot method.
(iv) When a defect is present in the coating such that the 
electrolyte comes in direct contact with the steel substrate, then 
what is being measured is the impedance of the bare steel xd.thin 
the defect and not the coating around it.
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8. GENERAL DISCUSSION
It is universally accepted that cathodically generated alkali 
at the interface constituted by the polymer and the metal is 
responsible for the separation of a polymer coating from metallic 
substrate (1,35,36,110,146). Underfilm alkalinity as high as 
14 has been measured using special pH probes (107,109). It is 
also generally believed that the major mechanism for the delamination 
process is the solubilization of the thin oxide layer at the inter­
face between the organic coating and the metal (1,36). However, 
work recently reported by WATTS (146) has identified three types of 
failure modes, which were very much a function of the polymer/ 
metal system investigated .
(i) costing degradation.
(ii) true interfacial (adhesive) failure.
(iii) dissolution of the substrate oxide.
Thus the main thrust of this investigation was to propose a 
universal disbondment model, which might explain how the build up of 
a high pH came about and which thus might determine the likely 
type of failure mode. This has been achieved by carrying out small 
area impedance measurments on two markedly different polymer/ 
metal systems, where failure modes and disbondment rates are very 
different as given below.
(a) polybutadiene/steel system, failure mode (iii) and (i) (2,111,146) .
(b) powder epoxy/steel system, failure mode (iii) and (ii) (2,112,146).
In this disbondment model (as shown in Figure 5.23) it was 
assumed that the crevice geometry is the same irrespective of the 
polymer/metal system in question and is formed by drawing water 
from the solution by capillary action. The full account of the 
reasoning, which led to the development of this model has already
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been given in Chapter 5, section 5.10.4, but for the purpose of 
this discusison it will be briefly reconsidered here.
The general conclusion which can be reached by considering this 
model is that the conditions of the pH within the crevice will be 
determined by three factors which are listed below:
(a) crevice length (interfacial path length).
(b) properties of the polymer system in question, i.e. 
its permeability to oxygen and the cation .
(c) coating thickness.
Thus the condition of pH which may prevail within the crevice can
be summarised pictorially as shown in Figure 8.1. It ought to be
emphasised that this is not a static situation, since the crevice
will move away from the initiating defect as delamination takes place. 
However, it is believed that the same conditions of pH will be
preserved within the crevice irrespective of this movement.
A polybutadiene coating will thus fail predominantly by oxide
dissolution, since its very high permeability to oxygen will allow
the conditions of high alkalinity to be achieved. It is not known
whether powder epoxy coating is readily permeable to oxygen.
However, it is thought that the thickness of 200-800/JLm is reason
enough to stop oxygen and cations from reaching the polymer/oxide
interface. Thus the high pH will not be attained under these
circumstances and therefore this polmer/metal system will fail very
slowlyl)by the interfacial (adhesive) failure mode. Unlike the
polybutadiene steel system the failure in epoxy/steel system will
therefore be bond strength dependent. This would explain why the
disbondment rates are so different (that of polybutadiene/steel
system being more*than 10 times faster than that of the epoxy/
steel system (146)).
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DISTRIBUTION OF THE pH WITHIN THE CREVICE
(a) Before the crevice length exceeds the critical interfacial 
path length (Xc) .
(b) After the crevice length exceeds the critical interfacial
length (Xc) and the coating is either very thick or impermeable 
to 02 and the cation .
(c) Same as (b) except coating is thin and permeable to 02 and 
the cation .
pH > 14
Figure 8,1 Eossible distribution of the pH within the disbondment 
crevice as a function of the properties of the coating
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The other, but equally important objective of this work, 
that is to use the a c impedance technique to follow the separation of 
the coating from steel has been achieved as well, at least for 
the polybutadiene / steel system. The single property, which 
allowed this to be achieved was found to be the coatings sensitivity 
to the hydroxyl ion. In a series of experiments it was shown that 
the hydroxyl ion penetrates the polybutadiene coating uniformly 
and in so doing produces a permanent increase in its dielectric 
constant so long as the external solution remained neutral or 
slightly alkaline.
It was this coatings sensitivity to the hydroxyl ion generated
by the cathodic reaction at the interface constituted by the polymer
and the metal, which enabled both corrosion induced delamination as
well as disbondment produced by cathodic overpotentials to be followed 
from capacitance and/or dielectric constant measurements.
The characteristic steady linear increase in capacitance -
2time curves obtained by large area (approximately 20cm ) in situ 
a c impedance measurements on polybutadiene/steel samples, 
which showed corrosion induced disbondment was attributed to the 
build up of underfilm alkalinity. The theory that this characteristic 
steady linear increase in capacitance is due to oxide jacking as 
proposed by MASFELD, KENDIG and TSAI (54), as well as the possibility 
that this might be due to ingress of water into the disbonded area, 
were thus disproved.
Small area impedance measurements carried out on polybutadiene/ 
steel samples, which were disbonded under an applied potential 
of -1500 mV, enabled the extent of disbondment to be followed.
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Here that part of the coating which came in direct contact with 
the hydroxyl ion, i.e. the area of total delamination was found 
to have the highest capacitance.
Neither large area in situ nor small area a c impedance 
measurements, were able to assess the extent of disbondment of powder 
epoxy/steel system. This is not surprising as in the first case 
an intact, undamaged powder epoxy coating, showed no desire to 
form conducting paths as indicated by its purely capacitive 
impedance response. The failure of the small area impedance method 
to follow the disbondment of the coating from an intentional defect 
is also not surprising. Here on the basis of the proposed model 
a pH of 14 could not be generated and in any case this polymer was 
found to be insensitive to the hydroxyl ion.
However, there are indications from the literature that other 
polymer systems are sensitive to hydroxyl ion. Alkyl/steel system 
investigated by LEIDHEISER (36) and the paint/steel systems studied 
by BRASHER and KINGBURY (43), all show the characteristic steady 
linear increase in capacitance.
Thus on the basis of the large area in situ a c impedance 
measurements of the polybutadiene/steel system together with the 
evidence from the literature, it can be concluded that the characteristic 
steady linear increase in capacitance of a polymer/metal system is a 
caution signal that the coating/substrate bond is suffering 
deterioration. Together with corrosion potential measurements (34,
36,52) large area in situ a c impedance measurements on intact, 
undamaged polymer/metal system can be used to follow polymers 
separation from metallic substrates. The small area a c impedance 
method^* on the., other hand, will enable the separation of a polymer 
from metallic substrate to be followed provided the polymer is
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sensitive to and allows a high pH to be generated at the interface.
The third objective that is to ascertain the suitability of the 
a c impedance methods to investigations of this nature has also been 
achieved. The sudden change from purely capacitive response to a 
semi-circular one in the impedance spectrum, highlights that the 
coating has been penetrated by a conducting phase. From this 
point on corrosion of the substrate metal and corrosion driven 
delamination processes can begin to take place.
Studies of the faradaic corrosion processes by the a c 
impedance method have been reported by many workers (50-70).
However, as the main purpose of this work was to investigate the 
phenomenon of cathodic disbondment, the low frequency a c 
impedance measurements were seen to be an unlikely contender for 
four reasons:
i) It was shown that the faradaic processes may not be present 
in the impedance spectrum, even though corrosion and delamination 
processes might be occurring (53,56), when the polymer coating inherently 
retains very high resistance .
ii) WARBURG impedance, charge transfer resistance and double layer 
capacitacne, usually call for sophisticated computer routines (61), 
since they very often suffer from heavy dispersions and are 
frequency dependent quantities .
iii) No reference has been found as yet which would attempt to 
relate these quantities to the process of cathodic delamination .
iv) These are very time consuming measurements since one is 
dealing with extremely low frequencies.
On the other hand coatings capacitance and resistnace are 
frequency independent quantities, which give rise to a near perfect 
high frequency semicircle. Furthermore unlike the faradaic
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processes the coatings capacitance as well as the resistance can 
be measured and monitored right from the very beginning of exposure 
to the electrolyte. Thus it was shown how determination of the 
dielectric constant from capacitance measurements in the initial 
stages of Exposure to the electrolyte may be used to assess the 
homogeneity of the coating.
For these reasons the coatings resistance and especially 
capacitance were seen as more suitable parameters, whose determination 
from the high frequency semicircle is a quite straightforward matter. 
Indeed it was shown that it is coatings capacitance which enables 
the progress of disbondment to be followed. The need to determine 
accurately coatings capacitance, thus justified the time taken in 
developing the high impedance interfaces for the experimental 
apparatus. Without these, accurate determination of capacitance 
using small area impedance method where extremely small capacitance 
(approx. 100 pF) coupled with very high resistance was being 
measured, would not have been possible. Neither would this be 
possible using commercial equipment, thus again justifying the need 
for high impedance interfaces based on the operational amplifier 
circuit.
One very important conclusion, which came out as a result of 
the investigations carried out in this thesis, is that it is the 
coating capacitance, which allows the progress of disbondment to 
be followed. Although the Nyquist and Bode methods of determining 
the capacitance are perfectly valid, the analysis of impedance data 
of several equivalent circuits carried out in Chapter 7, has shown 
that the capacitance can be measured very accurately at a single 
high frequency, provided that the coating does not develop too low 
a resistance. It was shown that a frequency of 100 kHz is capable
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of measuring very accurately a typical coatings capacitance of 
4000 pF, as long as the coatings resistance does not assume a 
value less than 10 left. Furthermore impedance measurements of the 
polybutadiene/steel system, revealed that these coatings of typical 
thickness of (20-50 pm) very rarely developed a resistance as low 
as 10 left.
Thus it may be concluded that in studies of disbondment where 
one is interested primarily in the changes of the coatings capacitance, 
single high frequency impedance measurements should be seen as a 
better alternative than the multi-frequency impedance technique.
Use of the latter technique should be restricted to those cases 
where dissection of the electrochemical system is required, i.e. 
in the case of coated metal electrodes when the separation of the 
faradaic corrosion processes from the barrier properties of the 
coating is of primary concern.
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(i) The overriding most important conclusion, which came out 
from the work in this thesis, is that the kinetics as well as 
the type of disbondment of a polymer coating from metallic substrate 
under impressed cathodic potential is determined solely by one 
property, this being the polymers permeability to oxygen and the 
cation. However, initially the kinetics as well as the type of 
failure will be determined by the concentration of dissolved oxygen 
in the hulk solution. This will occur until the crevice length is 
such that the dissolved oxygen in the bulk solution can no longer 
sustain the prevailing equilibrium and from then on the rate and 
type of disbondment will be dictated by the coatings barrier 
properties.
When the barrier properties of the coating are such that no 
transport of oxygen and cation through the coating is allowed, 
either as result of coatings inherent impermeability to these species 
or its extreme thickness, conditions of high alkalinity will not 
be achieved at the polymer/metal oxide interface. Thus disbondment 
will take place slowly by true interfacial (adhesive) failure.
When the reverse situation prevails the high pH will be generated 
and therefore the coating will fail predominantly by oxide 
dissolution.
The simple crevice model proposed in Chapter 5, section 5.10.4 
(Figure 5.32) and whose account is given above, has been found to 
successfully fit the electrical as well as surface science date 
(2,111,112,146) of two polymer/metal system with opposite barrier 
properties, which were the subject of study in this thesis.
(ii) The progress of delamination,whether this be produced by 
impressed, current cathodic potential or corrosion induced one,
9. GENERAL CONCLUSIONS
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can be followed using the a c impedance technique provided the polymer 
in question is sensitive to the hydroxyl ion. This sensitivity 
can be defined as the ability of the polymer coating to produce a 
permanent increase in its dielectric constant on coming into contact 
with solution of high alkalinity. The capacitive component of 
the small area impedance measurement is thus able to distinguish 
between an area which was exposed to such conditions, i.e. area 
of total delamination and those areas which have undergone no 
disbondment.
Large area in situ a c impedance measurements on corrosion 
induced disbonded samples, determines the overall effect giving 
rise to a characteristic steady linear increase in capacitance.
Although in this work only the polybutadiene coating showed 
this sensitivity, literature indicates that other polymer systems 
display such sensitivity to hydroxyl ion, since similar characteristic 
steady linear capacitance-time curves have been reported by other 
workers (36,43). Thus alongside the corrosion potential measurements 
(34,36,52), capacitance-time plots ought to be recognised as a 
very useful method of determining whether the polymer/metal bond is 
suffering deterioration. This is, of course, provided that the 
polymer system in question is sensitive to the hydroxyl ion.
(iii) Multifrequency a c impedance measurements are mainly useful 
when the separation of the faradaic corrosion processes from the 
barrier properties of the coating is needed. Even then the faradaic 
process may not feature in the impedance spectrum if the coating 
retains a very high resistance.
Single high frequency impedance measurement is a faster, 
easier and more accurate method of determining the capacitance.
The frequency employed in such measurements is a function of both 
the capacitance being measured and more importantly the pore
resistance of the "leaky capacitor". A typical area of 20 cm 
produces a capacitacne depending on the thickness of the coating of 
2000-5000 pF. To be able to measure these accurately, frequencies 
as high as 100 KHz must be used provided that the coating does not 
develop a resistance lower than 10 KA. Care should be taken to ensure 
that the coatings are "pinhole" free as this upsets the whole 
impedance measurement.
The impedance methods are worthy of continued development. 
Alternative ways of determining coatings capacitance and resistance 
ought to be investigated by perhaps looking towards more subtle 
alternating current techniques (151).
(iv) The capacitance measurements of a polymer/metal system, 
before the coating becomes penetrated by a conducting phase and the 
subsequent conversion of this data to dielectric constant data can 
be used to study the homogeniety of the polymer coating in question. 
An abnormally high dielectric constant-time curve is an indication 
that the coating contains internal defects. This is important as 
the likelihood of such a coating becoming prematurely conducting 
is so much more probable.
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10. SUGGESTIONS FOR FUTURE WORK
i) It was concluded that the reason why the polybutadiene/steel 
system shows very rapid rates of delamination is because of its 
inherent permeability to oxygen and the cation under an applied 
cathodic overpotential. One area of study, which could be undertaken 
would be to measure the disbondment rates of this polymer/steel 
system, while preventing the dissolved oxygen and the cation from 
reaching the surface of the coating. This could be achieved by 
perhaps coating the surface with a thick layer of wax. Under these 
conditions, according to the proposed model, the delamination should 
occur by the true interfacial (adhesive) failure type and should 
therefore be bond strength dependent. It would be interesting to 
compare this experiment with the disbondment data of the epoxy/steel 
system.
ii) More effort should go into measurements of diffusion rates 
of oxygen and the cation through different polymer coatings as a 
function of coating thickness and applied cathodic potential. These 
should be correlated with actual disbondment data obtained by electrical 
and surface analysis techniques. This is important, especially the 
effect of thickness, since if for arguments sake thin powder epoxy 
coatings were found to be inherently impermeable to the cation, 
considerable savings in the coating material could be made.
For more direct evidence of cationic transport through polymer 
films, methods such as the Rutherford Back Scattering techniques 
should be considered (147).
iii) Expand the measuring capability of the present a c impedance 
system. The main area of development here would be to adopt the rig 
for single high frequency capacitance measurements. Minor changes
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to the present software and incorporation of a real time clock would 
enable the capacitance measurements at say 100 KHz to be carried out 
as a function of time. This data could be automatically recorded in 
capacitance-time data files. Advantage could be taken of the cell 
multiplexer to allow several such measurements to be made consecutively.
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A P P E N D I X  A
SOFTWARE PROGRAMS
258
100 REM xxxxxxxxxxxxxxxxxxxx
105 REM * HELLO X
110 REM X -X- X- X XXX X X X X X X X X X X X X X
115 REM X PROGRAM WHICH X
120 REM X RETRIEVES THE X
125 REM X FREQUENCY DATA X
130 REM X POINTS AND THE X
135 REM X EXPERIMENTAL X
140 REM X CONTROL X
145 REM X PARAMETERS X
150 REM X X X X X X X X X X X X X X X X X X X X
155 D$ = CHR$ (4): REM CONTROL CHARACTER 
160 PRINT D$;"NOMON C,I,0«
165 HOME : VTAB 6: HTAB 17: INVERSE : FLASH 
170 PRINT "ATTENTION": NORMAL
175 VTAB 10: HTAB 5: INVERSE : PRINT "-PROGRAM IS BEING L 
OADED FROM DI"
180 NORMAL : PRINT : VTAB 12: HTAB 5: INVERSE : PRINT "SIC 
ETTE IN DISK DRIVE NUMBER ONE-"
185 NORMAL
190 VTAB 16: HTAB 19: INVERSE : FLASH : PRINT "DO NOT": N 
ORMAL : INVERSE 
195' VTAB 19: HTAB 12: PRINT "TOUCH THE KEY-BOARD"
200 VTAB 21: HTAB 1: PRINT "REMOVE DISKETTES FROM DISK DR
IVE 1 AND 2"
205 NORMAL 
210 DIM B1$(5)
215 PRINT D$;"OPEN ONE"
220 PRINT D$;"READ ONE"
225 FOR X = 1 TO 5 
2 3 0  INPUT B1$(X)
235 NEXT X
240 PRINT D$;"CLOSE ONE"
245 REM xxxxxxxxxxxxxxxxxxxx
250 REM « RETRIEVES THE *
255 REM * NUMBER OF *
260 REM « FREQUENCY DATA #
265 REM # POINTS *
270 REM xxxxxxxxxxxxxxxxxxxx
275 PRINT D$;"OPEN";B1$(5)
280 PRINT D$;"READ";B1$(5)
285 INPUT N
290 PRINT D$;"CLOSE";B1$(5)
295 DIM A1(N),A2(N),A3(N)
300 REM xxxxxxxxxxxxxxxxxxxx
305 REM X RETRIEVES X
3 1 0 REM X FREQUENCY DATA X
315 REM ■)? POINTS ONE BY iv
3 2 0 REM ONE INTO AN is
325 REM % ARRAY %
330 REM X •)$X XX X X XXX X X X X X X X X XX
335 PRINT D$;"OPEN";B1$(1) 
340 PRINT D$;"READ";B1$(1) 
345 FOR X = 1 TO N
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350 INPUT A1(X)
355 NEXT X
360 PRINT D$;"CLOSE";B1$(1) 
365 PRINT D$;"OPEN";B1$(2)
370 PRINT D$;"READ";B1$(2)
375 FOR X = 1 TO N 
380 INPUT A2(X)
385 NEXT X
390 PRINT D$;"CLOSE";B1$(2) 
395 PRINT D$;"OPEN";B1$(3)
400 PRINT D$;"READ";B1$(3)
405 FOR X s 1 TO N 
410 INPUT A3(X)
415 NEXT X
420 PRINT D$;"CLOSE";B1$(3) 
425 REM xxxxxxxxxxxxxxxxxxxx
430 REM * RETRIEVES THE * 
435 REM * VALUE OF STANDARD* 
440 REM * RESISTANCE » 
445 REM xxxxxxxxxxxxxxxxxxxx
450 PRINT D$;"OPEN";B1$(4)
455 PRINT D$;"READ";B1$(4)
460 INPUT A1$
465 PRINT D$;"CLOSE";B1$(4)
470 REM X X X X X X X X X X X X X X X X X X * X
475 REM X RETRIEVES THE *
480 REM X NAME OF THE DATA *
485 REM X FILE UNDER WHICH *
490 REM X THE IMPEDANCE *
495 REM X RESULTS ARE TO BE*
500 REM X STORED *
505 REM XX X X X X X X X X X X X X X X X X X X
510 PRINT D$;"OPEN FILE"
515 PRINT D$;"READ FILE"
520 INPUT A2$
525 PRINT D$;"CLOSE FILE"
530 A3$ = RIGHT$ (A2$f1)
535 PRINT CHR$ (4);"BLOAD CHAIN,A520,D1" 
540 CALL 520"EXITATI0N VOLTAGE"
100 REM X X X X X X X X X X X X X X X X X X X X
105 REM *EXCITATION VOLTAGE*
110 REM X X X X X X X X X X X X X X X X X X X X
115 REM * PROGRAM WHICH *
120 REM * SETS THE *
125 REM "SENSITIVITY LIMITS*
130 REM * ON THE LOCK-IN *
135 REM * ANALYZER *
140 REM X X X X X XXX X X X X X X X X X X X X
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145 D$ = CHR$ (4): REM CONTROL
150 REM • X X X X X X X X X X X X X X X X X X X X
155 REMj « RETRIEVES THE *
160 REMi  * VALUE OF THE *
165 REM! ^EXCITATION VOLTAGE*
170 REM X X X X X S X X X X X X X X X X X X X X
175 PRINT D$;"OPEN SIGNAL"
180 PRINT D$;"READ SIGNAL"
185 INPUT A1
190 PRINT D$;"CLOSE SIGNAL"
195 REMI x * x -x- -x x * x x x x -x- -x x x x x x x x
200 REM[ * RETRIEVES THE #
205 REM * VALUE OF THE *
210 REM[ X LOWER SENSITIVITY*
215 REMI * LIMIT *
220 REMI x x -x- * x x x x x x x x x x x x x x x
225 PRINT D$;"OPEN LIMIT"
230 PRINT D$ ; "READ LIMIT"
235 INPUT A3
240 PRINT D$ ; "CLOSE LIMIT"
245 IF A1 = 5000 THEN A2 = 0
250 IF A1 to 2000 THEN A2 = 1
255 IF A1 - 1000 THEN A2 = 2
260 IF A1 - 500 THEN A2 = 3
265 IF A1 - 200 THEN A2 s 4
270 IF A1 = 100 THEN A2 = 5
275 IF A1 = 50 THEN A2 = 6
280 IF A1 = 20 THEN A2 = 7
285 IF A1 = 10 THEN A2 = 8
290 IF A1 = 5 THEN A2 = 9
295 IF A1 to 2 THEN A2 = 10
3 0 0 IF A1 TO 1 THEN A2 = 11
305 IF A1 TO 0.5 THEN A2 = 12
310 IF A1 TO 0,2 THEN A2 = 13
315 IF A1 TO 0.1 THEN A2 = 14
3 2 0 IF A1 TO 0.05 THEN A2 = 15
325 IF A1 TO 0.02 THEN A2 = 16
330 IF A1 TO 0.01 THEN A2 = 17
335 IF A1 = 0.005 THEN A2 = 18
340 IF A1 TO 0.002 THEN A2 = 19
345 IF A1 TO 0.001 THEN A2 = 20
350 IF A3 = 5000 THEN A4 = 0
355 IF A3 TO 2000 THEN A4 = 1
360 IF A3 TO 1000 THEN A4 = 2
365 IF A3 TO 500 THEN A4 = 3
370 IF A3 TO 200 THEN A4 = 4
375 IF A3 TO 100 THEN A4 = 5
380 IF A3 = 50 THEN A4 = 6
385 IF A3 TO 20 THEN A4 = 7
390 IF A3 TO 10 THEN A4 = 8
395 IF A3 = 5 THEN ,A4 = 9
400 IF A3 TO 2 THEN A4 = 10
405 IF A3 TO 1 THEN A4 = 11
410 IF A3 TO 0.5 THEN A4 = 12
261
0.2 THEN A4 = 13 
0.1 THEN A4 = 14 
0.05 THEN A4 = 15 
0.02 THEN A4 = 16 
0.01 THEN A4 = 17 
0.005 THEN A4 = 18 
0.002 THEN A4 = 19 
0.001 THEN A4 = 20 
CHR$ (4);"BLOAD CHAIN,A520.D1" 
CALL 520"STARTING-RESISTOR"
415 IF A3
420 IF A3
425 IF A3
430 IF A3
435 IF A3
440 IF A3
445 IF A3
450 IF A3
455 PRINT
460 1
100 REM
105 REM
110 REM
115 REM
120 REM
125 REM
130 REM
135 REM
140 REM
145 REM
150 A = ■
X X X X X X X X X X X X X X X X X X X X
* STARTING-RESISTOR®
X X X X X X X X X X X X X X X X X X X X
* PROGRAM WHICH »
* SELECTS THE *
* INITIAL VALUE *
* OF THE STANDARD *
* RESISTOR IN THE #
* RESISTANCE BOX »
X X X X X X X X X X X X X X X X X X X X
360: REM ADDRESSING PORT A OF THE PERIFERAL INT 
ERFACE ADAPTOR IN APPLES SLOT 5
ADDRESSING PORT B OF THE PERIFERAL INT 
5
155 B = 49362: REM
ERFACE ADAPTOR IN APPLES SLOT 
160 POKE A + 1,0 
165 POKE A,255 
170 POKE A + 1,4 
175 POKE A,0 
180 POKE B + 1,0 
185 POKE B,255 
190 POKE B + 1,4 
195 POKE B,0 
200 A9 = 49240: REM 
205 IF VAL (A1$) =
VAL (A1$) =
VAL (A1$) =
VAL (A1$) =
VAL (Al$) =
VAL (A1$) =
VAL (A1$) =
VAL (A1$) =
PEEK (A9
210
215
220
225
230
235
240
IF 
IF 
IF 
IF 
IF 
IF 
IF
245 A10 =
(A9)
250 POKE B,2 
255 GOTO 365 
260 A10 = PEEK (A9 
(A9 + 1)
265 POKE B,2
ADDRESSING THE ANNUNCIATOR OUTPUTS
100000000 THEN GOTO 245
10000000 THEN GOTO 260
1000000 THEN GOTO 275
100000 THEN GOTO 290
10000 THEN GOTO 305
1000 THEN GOTO 320
100 THEN GOTO 335
: 10 THEN GOTO 350
+ 4):A11 = PEEK (A9 + 2)sA12 = PEEK
+ 4):A11 = PEEK (A9 + 2):A12 = PEEK
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270 GOTO 365
275 A10 = PEEK (A9 + 4);A11 = PEEK (A9 + 3):A12
(A9)
280 POKE B, 2
285 GOTO 365
290 A10 = PEEK (A9 + 4);A11 = PEEK (A9 3):A12
(A9 + 1)
295 POKE B,1
300 GOTO 365
305 A10 = PEEK (A9 + 5): A11 = PEEK (A9 + 2):A12
(A9)
310 POKE B,1
315 GOTO 365
320 A10 = PEEK (A9 + 5):A11 = PEEK (A9 + 2):A12
(A9 + 1)
325 POKE B,1
330 GOTO 365
335 A10 = PEEK (A9 + 5):A11 = PEEK (A9 + 3):A12
(A9)
340 POKE B,1
345 GOTO 365
350 A10 = PEEK (A9 + 5):A11 = PEEK (A9 + 3):A12
(A9 + 1)
355 POKE B,1
360 GOTO 365
365 PRINT CHR$ (4);"BLOAD CHAIN,A520,D1 ti
370 CALL 520"STARTING-CELL"
100 REM xxxxxxxxxxxxxxxxxxxx
105 REM * STARTING-CELL *
110 REM xxxxxxxxxxxxxxxxxxxx
115 REM * PROGRAM WHICH *
120 REM * SELECTS THE *
125 REM * THE NUMBER OF THE*
130 REM * CELL IN THE CELL *
135 REM * MULTIPLEXER *
140 REM xxxxxxxxxxxxxxxxxxxx
145 D$ = GHR$ (4): REM CONTROL CHARACTER 
150 REM xxxxxxxxxxxxxxxxxxxx
155 REM * STARTING POSITION*
160 REM xxxxxxxxxxxxxxxxxxxx
165 PRINT D$;"OPEN START"
170 PRINT D$;"READ START"
175 INPUT A4$
180 PRINT D$;"CLOSE START"
185 REM xxxxxxxxxxxxxxxxxxxx
190 REM * FINISHING *
195 REM * POSITION *
200 REM xxxxxxxxxxxxxxxxxxxx
PEEK
PEEK
PEEK
PEEK
PEEK
PEEK
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205 PRINT D$;"OPEN FINISH"
210 PRINT D$;"READ FINISH"
215 INPUT A5$
220 PRINT D$;"CLOSE FINISH"
225 A = 49360; REM ADDRESSING PORT A OF THE PERIFERAL INT 
ERFACE ADAPTOR IN APPLES SLOT 5 
230 POKE A + 1,0 
235 POKE A,255
240 POKE A + 1,4
245 IF A4$ TO "A" THEN GOTO 285
250 IF A4$ = »B" THEN GOTO 295
255 IF A4$ = »C" THEN GOTO 305
260 IF A4$ TO *'D" THEN GOTO 315
265 IF A4$ = M E" THEN GOTO 325
270 IF A4$ TO upit THEN GOTO 335
275 IF A4$ TO "G" THEN GOTO 345
280 IF A4$ = "H" THEN GOTO 355
285 POKE A,1 
290 GOTO 365 
295 POKE A,2 
300 GOTO 365 
305 POKE A,4 
310 GOTO 365 
315 POKE A,8 
320 GOTO 365 
325 POKE A,16 
330 . GOTO 365 
335 POKE A,32 
340 GOTO 365 
345 POKE A,64 
350 GOTO 365 
355 POKE A,128 
360 GOTO 365
365 PRINT CHR$ (4);"BL0AD CHAIN,A520,D1" 
370 CALL 520"REV IMP PROGRAM"
100 REM
105 REM * REV IMP PROGRAM *
110 REM
115 REM * MAIN PROGRAM *
120 REM * WHICH MEASURES *
125 REM * AND STORES *
130 REM * IMPEDANCE RESULTS*
135 REM xxxxxxxxxxxxxxxxxxxx
140 HOME; ; REM CLEAR THE SCREEN
145 REM DIMENSION STRING AND ARRAY VARIABLES
150 DIM A4(N),A5(N),A6(N),A7(N),A8(N) ,A9(N),B1
155 ■ DIM B2(N),B3(N),B4(N),B5(N),B6(N) ,B7(N)
160 DIM B8(N),B9(N),C1(N),C2(N)
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165 DIM A1$(N),A2$(N),A3$(N),A4$(N),A5$(N),A6$(N)
170 DIM A7$(N),A8$(N),A9$(4),B2$(4),I(20)
175 D$ = CHR$ (4): REM CONTROL CHARACTER
180 Z$ = CHR$ (26): REM CONTROL CHARACTER
185 PRINT D$;"NOMON C,I,0"
190 FOR X = 1 TO 20: READ V:I(X) = V: NEXT X 
195 PRINT CHR$ (4);"PR#3": REM IEEE CARD INITIALISED
200 PRINT CHR$ (4);»IN#3U
205 PRINT "SCO"
210 PRINT "CL$";Z$
215 GOSUB 995
220 PRINT "WT$";Z$;"D 4;M 1"
225 GOSUB 995
230 PRINT "WT$";Z$;"S ";A2
235 GOSUB 995
240 PRINT "WT$";Z$;"L 15;R 1"
245 GOSUB 995
250 FOR X = 1 TO N 
255 GOSUB 1660
260 SWITCH = PEEK (49247): REM OUTPUT FROM THE OPERATIO 
NAL AMPLIFIER CIRCUIT 
265 FOR K = 1 TO 10: NEXT K 
270 PRINT "WT$";Z$;"J ";A2(X);»,";A3(X)
275 GOSUB 995
280 A8 = 0
285 IF A1 X) > 20000 THEN A5 = 2000
290 IF A1 X) > 20000 THEN A6 = 5
295 IF A1 X) > 20000 THEN A7 = 0
3 0 0 IF A1 X) < = 20000 AND A1(X) > 10000 THEN A5 = 2000
305 IF A1 X) < = 20000 AND A1(X) > 10000 THEN A6 = 5
310 IF A1 X) < = 20000 AND A1(X) > 10000 THEN A7 = 1
315 IF
n
A1 X) < = 10000 AND A1(X) > = 2000 THEN A5 = 200
320
u
IF A1 X) < = 10000 AND A1(X) > = 2000 THEN A6 - 5
325 IF A1 X) < = 10000 AND Al(X) > = 2000 THEN A7 = 1
330 IF A1 X) < 2000 AND A1(X) > = 100 THEN A5 = 4000
335 IF A1 X) < 2000 AND A1(X) > = 100 THEN A6 = 5
340 IF A1 X) < 2000 AND A1(X) > = 100 THEN A7 = 1
345 IF A1 X) < 100 AND A1(X) > = 5 THEN A5 = 6500
350 IF A1 X) < 100 AND A1(X) > = 5 THEN A6 = 4
355 IF A1 X) < 100 AND A1(X) > = 5 THEN A7 = 1
360 IF A1 X) < 5 AND A1(X) > =0.1 THEN A5 = 55000
365 IF A1 X) < 5 AND A1(X) > =0.1 THEN A6 = 2
370 IF A1 X) < 5 AND A1(X) > =0.1 THEN A7 = 2
375 REM X X X X X X X X  X X X  X X X  X X X X X X X  X X X
380 REM X ROUTINE WHICH X
385 REM X SETS THE PARAMITER X
390 REM X AND WORKS OUT THE X
395 REM X OPTIMUM VALUE OF X
400 REM X STANDARD RESISTANCE X
405 REM X X X X X X X X X X X X X X X X X X X X X X X X
410 PRINT "WT$";Z$;"F ";A7
415 GOSUB 995
420 PRINT "WT$";Z$;"T ";A6;",»;A8
265
425 GOSUB 995
430 PRINT "WT$";Z$;»S »;A2
435 GOSUB 995
440 FOR K = 1 TO A5: NEXT K
445 PRINT "W T $ " ;Z $ ; "Q 1 H
450 PRINT "RDD";Z$;
455 INPUT A1$(X)
460 GOSUB 995
465 GOSUB 845
470 IF M$ < > "2" THEN GOTO 5
475 REM *  X X -X- X -X «  X X X X X X X X X X X X X
480 REM *  ROUTINE WHICH X
485 REM »  CHECKS THE X
490 REM "SENSITIVITY RANGE X
495 REM xxxxxxxxxxxxxxxxxxxx
500 IF A4(X) > = A2 AND A4(X) < = A4 THEN GOTO 520
505 IF A4(X) < A2 OR A4(X) > A4 THEN GOTO 510
510 GOSUB 1645
515 GOTO 440
520 A6(X) = VAL (A1$)
525 PRINT "WT$";Z$;»S ”;A4(X)
530 GOSUB 995
535 FOR K = 1 TO A5: NEXT K 
540 PRINT "WT$";Z$;"S"
545 PRINT "RDD";Z$;
550 INPUT A6$
555 GOSUB 995
560 IF M$ < > "2" THEN GOTO 2085
565 A8$(X) = A6$
570 REM xxxxxxxxxxxxxxxxxxxxx
575 REM * ROUTINE WHICH *
580 REM « TAKES READINGS *
585 REM xxxxxxxxxxxxxxxxxxxxx
590 PRINT uWT$n;Z$;"Su 
595 PRINT »RDD»;Z$;
600 INPUT A2$(X)
605 GOSUB 995
610 FOR K = 1 TO 5: NEXT K
615 PRINT "WT$";Z$;»Q1"
620 PRINT "RDD";Z$;
625 INPUT A3$(X)
630 GOSUB 995
635 FOR K = 1 TO 5; NEXT K
640 PRINT nWT$" jZ$;,,Q2"
645 PRINT "RDD";Z$;
650 INPUT A4$(X)
655 GOSUB 995
660 REM xxxxxxxxxxxxxxxxxxxxx*
665 REM * MEASURMENTS ACROS *
670 REM * THE GENERATOR *
675 REM xxxxxxxxxxxxxxxxxxxxx*
680 SWITCH = PEEK (49246): REM OUTPUT FROM THE LOCK-INS 
GENERATOR 
685 FOR K = 1 TO 10: NEXT K
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690 REM
695 REM ROUTINE WHICH
700 REM SETS THE PARAMITERS
705 REM
710 PRINT "WT$";Z$;"F ";A7 
715 GOSUB 995
720 PRINT "WT$";Z$;"T »;A6;",";A8
725 GOSUB 995
730 PRINT ,,WT$11 ;Z$;US ";A2
735 GOSUB 995
740 FOR K = 1 TO A5; NEXT K
745 REM *********************
750 REM * ROUTINE WHICH #
755 REM * TAKES READINGS *
760 REM *********************
765 PRINT »WT$»;Z$;»S"
770 PRINT "RDD";Z$;
775 INPUT A5$(X)
780 GOSUB 995
785 FOR K = 1 TO 5: NEXT K
790 PRINT ,,WT$" ;Z$; ”Q1"
795 PRINT "RDD";Z$;
800 INPUT A6$(X)
805 GOSUB 995
810 FOR K = 1 TO 5: NEXT K
815 PRINT !IWT$M ; Z$; IIQ2"
820 PRINT "RDD";Z$;
825 INPUT A7$(X)
830 GOSUB 995
835 FOR K = 1 TO 50; NEXT K
840 GOTO 955
845 A5(X) = (I(A2) * VAL (A1$(X))) / 2000
850 IF A5 (X) < = 2 AND A5(X) > 1 THEN A4(X) = 1
855 IF A5(X) < = 1 AND A5(X) > 0.5 THEN A4(X) = 2
860 IF A5 (X) < = 0.5 AND A5(X) > 0.2 THEN A4(X) = 3
865 IF A5(X) < TO 0.2 AND A5(X) > 0.1 THEN A4(X) = 4
870 IF A5(X) < TO 0.1 AND A5(X) > 0.05 THEN A4(X) = 5
875 IF A5(X) < TO 0.05 AND A5(X) > 0.02 THEN A4(X) = 6
880 IF A5(X) < TO 0.02 AND A5(X) > 0.01 THEN A4(X) = 7
885 IF A5(X) < TO 0.010 AND A5(X) > 0.005 THEN A4(X) = 8
890 IF A5(X) < = 0.005 AND A5(X) > 0.002 THEN A4(X) = 9
895 IF A5(X) < TO 0.002 AND A5(X) > 0.001 THEN A4(X) = 10
900 IF
1
IF
12
IF
13
A5 (X) < = 0.001 AND A5(X) > 0.0005 THEN A4(X) = 1
905 A5(X) < = 0.0005 AND A5(X) > 0.0002 THEN A4(X) =
910 A5(X) < = 0.0002 AND A5(X) > 0.0001 THEN A4(X) =
915 IF
14
IF
A5(X) < TO 0.0001 AND A5(X) > 0.00005 THEN A4(X) =
920 A5(X)
15
< TO 0.00005 AND A5(X) > 0.00002 THEN A4(X)
925 IF A5(X)
16
< = 0.00002 AND A5(X) > 0.00001 THEN A4(X)
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935
940
945
950
955
960
965
970
975
980
985
990
995
1000
1005
1010
1015
1020
1025
1030
1035
1040
1045
1050
1055
1060
1065
1070
1075
1080
1085
1090
1095
930 IF A5(X) < = 0.00001 AND A5(X) > 0.000005 THEN A4(X)
= 17
IF A5(X) < = 0.000005 AND A5(X) > 0.000002 THEN A4CX
) = 18
IF A5(X) < = 0.000002 AND A5(X) > 0.000001 THEN A4(X
) = 19
IF A5(X) < 0.000001 THEN A4(X) = 20
RETURN
NEXT X
PRINT D$;"PR#0»: REM IEEE CARD DISENGAGED 
PRINT D$;»IN#0»
GOTO 1060 
REM 
REM 
REM 
REM 
REM
PRINT "SPD";Z$;
INPUT "" ;S$
M$ = LEFT$ (S$,1)
R$ = RIGHT$ (S$,1): IF R$ < "A" THEN R = ASC (R$) 
ASC ("0"): GOTO 1025 
R = ASC (R$) - ASC ("A") + 10 
IF 2 # INT (R / 2)
GOTO 995
REM X X X X X X X X X X X X X X X X X X X X
REM # CALCULATING *
REM # IMPEDANCE *
REM * PARAMETERS *
R E M * * * « * x x X X X X X X X X X X X X X
FOR X = 1 TO N
X X X X X X X X X X X X X X X X X X X X
* ROUTINE WHICH *
* CHECKS THE *
* STATUS BYTE *
X X X X X X X X X X X X X X X X X X X X
< > R THEN RETURN
A7(X)
A8(X)
A9(X)
B1 (X)
NEXT X 
Q = 3.141593: REM 
Y = Q / 180: REM
= (I( VAL (A8$(X))) * VAL (A3$(X))) / 2000 
= VAL (A4$(X)) / 10 
= (I(A2) * VAL (A6$(X))) / 2000 
= VAL (A7$(X)) / 10
VALUE OF "PI"
CONVERSION FACTOR FROM DEGREES
TO RADIANS
1100 FOR X = 1 TO N:B2(X) A7(X) / A6(X): NEXT X
1105 FOR X = 1 TO N:B3(X) = A9(X) / B2(X): NEXT X
1110 FOR X =V 1 TO N: B4(X) = (A8(X) - (A4(X) - 180)): NEXT
1115
A
FOR X = 1 TO N:B5(X) = Y « B4(X): NEXT X
1120 FOR X = 1 TO N:B6(X) = B3(X) * COS (B5(X))s NEXT X
1125 FOR X = 1 TO N:B7(X) = B3(X) * SIN (B5(X)): NEXT X
1130 FOR X = 1 TO NsB8(X) = 1 / (2 * Q * Al(X) * B7(X))j
NEXT X
1135 FOR X = 1 TO N:B9(X) = B3(X) / A6(X): NEXT X
1140 FOR X = 1 TO N:C1(X) = B8(X) / 2.302585: NEXT X
1145 FOR X = 1 TO N:C2(X) = B9(X) / 2.302585: NEXT X
1150 REM NAMING THE DATA TEXT FILES
1155 B2$(1) = t1"
1160 B2$(2) = u2"
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1165 B2$(3) = "3"
1170 B2$(4) = "4"
1175 FOR X = 1 TO 4 
1180 A9$(X) = A3$ + B2$(X)
1185 NEXT X
1190 A7$ = A3$ + "FILE"
1195 GOSUB 2045
1200 REM xxxxxxxxxxxxxxxxxxxx
1205 REM * STORING DATA *
1210 REM xxxxxxxxxxxxxxxxxxxx
1215 REM SETTING CONTROL TO DISK DRIVE (2) WHERE TH
E TEXT FILES ARE TO BE STORED 
1220 PRINT D$;»OPEN DISK(2),D2"
1225 PRINT D$;"DELETE DISK(2)"
1230 PRINT D$;"CLOSE DISK(2)»
1235 PRINT D$;"OPEN DISK(2)"
1240 PRINT D$;"WRITE DISK(2)»
1245 PRINT "THIS IS A TEST FILE"
1250 PRINT D$j"CLOSE DISK(2)"
1255 REM FILE CONTAINING "FREQUENCY" DATA
1260 PRINT D$;»OPEN";A9$(1)
1265 PRINT D$;"DELETE";A9$(1)
1270 PRINT D$;"CLOSE";A9$(1)
1275 PRINT D$;"OPEN";A9$(1)
1280 PRINT D$;"WRITE";A9$(1)
1285 FOR X = 1 TO N 
1290 PRINT A1(X)
1295 NEXT X
1300 PRINT D$;"CLOSE";A9$(1)
1305 REM FILE CONTAINING "TOTAL IMPEDANCE" DATA
1310 PRINT D$;"OPEN";A9$(2)
1315 PRINT D$;"DELETE";A9$(2)
1320 PRINT D$;"CLOSE";A9$(2)
1325 PRINT D$;"OPEN";A9$(2)
1330 PRINT D$;"WRITE";A9$(2)
1335 FOR X = 1 TO N 
1340 PRINT B3(X)
1345 NEXT X
1350 PRINT D$;"CLOSE";A9$(2)
1355 REM FILE CONTAINING "RESULTANT PHASE ANGLE" DA
TA
1360 PRINT D$;"0PEN";A9$(3)
1365 PRINT D$;"DELETE";A9$(3)
1370 PRINT D$;"CLOSE";A9$(3)
1375 PRINT D$;"OPEN";A9$(3)
1380 PRINT D$;"WRITE";A9$(3)
1385 FOR X = 1 TO N 
1390 PRINT B4(X)
1395 NEXT X
1400 PRINT D$;"CLOSE";A9$(3)
1405 REM FILE CONTAINING "NUMBER OF FREQUENCY POINT
S USED IN THE EXPERIMENT"
1410 PRINT D$;"OPEN";A9$(4)
1415 PRINT D$;"DELETE";A9$(4)
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1420 PRINT D$;"CLOSE";A9$(4)
1425 PRINT D$;"OPEN";A9$(4)
1430 PRINT D$j"WRITE";A9$(4)
1435 PRINT N
1440 PRINT D$;"CLOSE";A9$(4)
1445 PRINT D$;"OPEN" ;A7$
1450 PRINT D$;"DELETE";A7$
1455 PRINT D$;"CLOSE";A7$
1460 PRINT D$;"OPEN";A7$
1465 PRINT D$;"WRITE";A7$
1470 FOR X = 1 TO 4 
1475 PRINT A9$(X)
1480 NEXT X
1485 PRINT D$;"CLOSE";A7$
1490 REM ASSIGNING ANOTHER VALUE FOR THE CHARACTER
TO BE STORED IN THE TEXT FILE CALLED (FILE)
1495 A8$ = "ABCDEFGHIJKLMNOPQRSTUVWXYZ"
1500 FOR Y = 1 TO LEN (A8$)
1505 IF MID$ (A8$,Y,1) = A3$ THEN GOTO 1515
1510 NEXT Y
1515 A14 = Y + 1
1520 A9$ = LEFT$ (A8$,A14)
1525 REM CONTROL BACK TO DISK DRIVE (1)
1530 PRINT D$;"OPEN DISK(1),D1"
1535 PRINT D$;"DELETE DISK(1)»
1540 PRINT D$;"CLOSE DISK(1)»
1545 PRINT D$;"OPEN DISK(1)"
1550 PRINT D$;"WRITE DISKC1)"
1555 PRINT "THIS IS A TEST FILE"
1560 PRINT D$;"CLOSE DISK(1)"
1565 REM AMEND THE TEXT FILE CALLED (FILE)
1570 PRINT D$;"OPEN FILE"
1575 PRINT D$;"DELETE FILE"
1580 PRINT D$;"CLOSE FILE"
1585 PRINT D$;"OPEN FILE"
1590 PRINT D$;"WRITE FILE"
1595 PRINT A9$
1600 PRINT D$;"CLOSE FILE"
1605 PRINT CHR$ (4);"BL0AD CHAIN,A520,D1"
1610 CALL 520"CHANGE CELL NUMBER"
1615 DATA 2,1,0.5,0.2,0.1,0.05
1620 REM
1625 REM * SUBROUTINE *
1630 REM * CHANGES THE *
1635 REM # STANDARD RESISTOR*
1640 REM
1645 IF A4(X) < A2 THEN GOTO 1705
1650 IF A4(X) > A4 THEN GOTO 1725
1655 IF M$ < > "2" THEN GOTO 1705
1660 IF A1$ = "1000000000" THEN GOTO 1910
1665 IF A1$ = "100000000" THEN GOTO 1735 
1670 IF A1$ = "10000000" THEN GOTO 1760 
1675 IF A1$ = "1000000" THEN GOTO 1785 
1680 IF A1$ = "100000" THEN GOTO 1810
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1685 IF A1$ = "10000" THEN GOTO 1835
1690 IF A1$ = "1000" THEN GOTO 1860
1695 IF A1$ = "100" THEN GOTO 1885
1700 IF A1$ = "10" THEN GOTO 1910
1705 A15 = LEN (A1$)
1710 A16 = A15 - 1
1715 A1$ = LEFT$ (A1$,A16)
1720 GOTO 1660 
1725 A1$ = A1$ + "0"
1730 GOTO 1660
1735 A10 = PEEK (A9 + 4):A11 = PEEK (A9 + 2):A12 = 
(A9)
1740 A1$ = "100000000"
1745 POKE B,2 
1750 GOSUB 2065 
1755 RETURN
1760 A10 = PEEK (A9 + 4)sAI1 = PEEK (A9 + 2):A12 = 
(A9 +1)
1765 A1$ = "10000000"
1770 POKE B,2 
1775 GOSUB 2065 
1780 RETURN
1785 A10 = PEEK (A9 + 4):A11 = PEEK (A9 + 3):A12 = 
(A9)
1790 A1$ = "1000000"
1795 POKE B,2 
1800 GOSUB 2065 
1805 RETURN
1810 A10 = PEEK (A9 + 4):A11 = PEEK (A9 + 3):A12 = 
(A9 + 1)
1815 A1$ = "100000"
1820 POKE B,1 
1825 GOSUB 2065 
1830 RETURN
1835 A10 = PEEK (A9 + 5):A11 = PEEK (A9 + 2):A12 = 
(A9)
1840 A1$ = "10000"
1845 POKE B,1 
1850 GOSUB 2065 
1855 RETURN
1860 A10 = PEEK (A9 + 5):A11 = PEEK (A9 + 2):A12 = 
(A9 + 1)
1865 A1$ = "1000"
1870 POKE B,1 
1875 GOSUB 2065 
1880 RETURN
1885 A10 = PEEK (A9 + 5):A11 = PEEK (A9 + 3):A12 = 
(A9)
1890 A1$ = "100"
1895 POKE B,1 
1900 GOSUB 2065 
1905 RETURN
1910 A10 = PEEK (A9 + 5):Al1 = PEEK (A9 + 3):A12 = 
(A9 + 1)
PEEK
PEEK
PEEK
PEEK
PEEK
PEEK
PEEK
PEEK
271
1915 A1$ = "10"
1920 POKE B,1 
1925 GOSUB 2065 
1930 RETURN 
1935 PRINT D$;»PR#0"
1940 PRINT D$;"IN#Q"
1945 HOME
1950 VTAB 6: HTAB 1?: INVERSE : FLASH : PRINT "ATTENTION" 
: NORMAL
1955 VTAB 10: HTAB 7: INVERSE : PRINT "— EXPERIMENT IN P 
ROGRESS— -": NORMAL 
1960 VTAB 12: HTAB 4: PRINT "EXITATION VOLTAGE IS";" »;S
EN;" »;"MILLIVOLTS"
1965 VTAB 15: HTAB 19: INVERSE : FLASH : PRINT "DO NOT": 
NORMAL : INVERSE 
1970 VTAB 18: HTAB 12: PRINT "TOUCH THE KEY-BOARD"
1975 VTAB 20: HTAB 1: PRINT "REMOVE DISKETTES FROM DISK D
RIVE 1 AND 2": NORMAL 
1980 VTAB 22: HTAB 2: INVERSE : FLASH : PRINT "CURRENT VA 
LUE OF STANDARD RESISTOR IS-": NORMAL 
1985 VTAB 24: HTAB 14: PRINT A1 $;" »;"IN OHMS"
1990 S = - 16336
1995 FOR K = 1 TO 5
2000 SOUND = PEEK (S) - PEEK (S) + PEEK (S) - PEEK (S) 
+ PEEK (S) - PEEK (S)
2005 NEXT K
2010 PRINT D$;"PR#3IT
2015 PRINT D$;"IN#3"
2020 RETURN
2025 REM a###*##**###*#**###***#
2030 REM * SUBROUTINE *
2035 REM * SIGNALS DATA STORAGE*
2040 REM ##*******#**##*####*#*#
2045 HOME
2050 VTAB 6: HTAB 17: INVERSE : FLASH : PRINT "ATTENTION" 
: NORMAL
2055 VTAB 10: HTAB 7: INVERSE : PRINT "— EXPERIMENT IN P 
ROGRESS— ": NORMAL 
2060 VTAB 12: HTAB 2: INVERSE : PRINT "-DATA IS BEING STO 
RED IN TEXT FILES-": NORMAL 
2065 VTAB 16: HTAB 19: INVERSE : FLASH : PRINT "DO NOT": 
NORMAL
2070 VTAB 19: HTAB 12: INVERSE : PRINT "TOUCH THE KEY-BOA 
RD"
2075 VTAB 21: HTAB 1: PRINT "REMOVE DISKETTES FROM DISK D 
RIVE 1 AND 2": NORMAL 
2080 RETURN 
2085 A4(X) = A4(X) - 1 
2090 GOTO 525
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REM x x x x x x x x x x x x x x x x x x x x
REM * PRINT(OUT) *
REM x x x x x x x x x x x x x x x x x x x x
REM # PROGRAM WHICH »
REM * PRINTS THE *
REM * IMPEDANCE DATA *
REM xxxxxxxxxxxxxxxxxxxx
PRINT CHR$ (4);''PR/M": REM CONTROL CHARACTER 
PRINT : PRINT
PRINT "THE NAME OF THE FILE IS*';" «;A7$
PRINT
PRINT "A1 (X)----FREQUENCY-----.--— (HERTZ)"
PRINT *'B2(X)—  -CURRENT  — — — (AMPERES)"
PRINT "B3(X) -TOTAL IMPEDANCE— — (OHMS)"
PRINT «B4(X) RESULTANT PHASE ANGLE— (DEGREES)"
PRINT
PRINT TAB( 8);"-A1(X)-"; TAB( 28);"-B2(X)-"; TAB( 48 
);"-B3(X)-«; TAB( 28);"~B4(X)~"
PRINT
FOR X = 1 TO N 
PRINT TAB( 8);A1(X);
PRINT TAB( 23);B2(X);
PRINT TAB( 46);B3(X);
PRINT TAB( 28);B4(X)
NEXT X 
GOSUB 520
PRINT CHR$ (4);"PR#0"
PRINT CHR$ (4);»PR#1"
PRINT : PRINT
PRINT "THE NAME OF THE FILE IS";" ";A7$
PRINT
PRINT "B6(X) REAL COMPONENT OF IMPEDANCE— —
-(OHMS)"
PRINT *»B7(X) IMAGINARY COMPONENT OF IMPEDANCE— —
-(OHMS)"
PRINT "B8(X)— — CAPACITANCE VALUES AT ALL FREQUENCIESt
PRINT "B9(X) RATIO OF CELL IMPEDANCE / STANDARD RE
SISTOR"
PRINT
PRINT TAB( 8);"-B6(X)-"; TAB( 28);"-B7(X)-"; TAB( 48 
);"-B8(X)-»; TAB( 28);"-B9(X)-"
PRINT
FOR X = 1 TO N 
PRINT TAB( 6);B6(X);
PRINT TAB( 26);B7(X);
PRINT TAB( 46);B8(X);
PRINT TAB( 26);B9(X)
NEXT X 
GOSUB 520
PRINT CHR$ (4);"PR#0"
PRINT CHR$ (4);"PR#1"
PRINT ; PRINT
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335 PRINT "THE NAME OF THE FILE IS";" ";A7$
340 PRINT
345 PRINT "A7(X)— — -POTENTIAL DROP ACROSS THE STANDARD RE
SISTOR “(VOLTS)"
350 PRINT "A8(X)— PHASE ANGLE ACROSS THE STANDARD RESIS 
TOR— (DEGREES)"
355 PRINT "A9 (X)-- -POTENTIAL DROP ACROSS THE CELL—
VOLTS)"
360 PRINT "B1(X)— — PHASE ANGLE ACROSS THE CELL— —  
(DEGREES)"
365 PRINT
370 PRINT TAB( 8);"-A7(X)-"; TAB( 28);"-A8CX)-"; TAB( 48 
);"“A9(X)“"; TAB( 28);"-B1(X)-"
375 PRINT
380 FOR X = 1 TO N
385 PRINT TAB( 6);A7CX);
390 PRINT TAB( 29);AB3(X);
395 PRINT TAB( 46);A9(X);
400 PRINT TAB( 28);B1(X)
405 NEXT X
410 GOSUB 520
415 PRINT CHR$ (4);"PR#0"
420 PRINT CHR$ (4);"PR#1"
425 PRINT ; PRINT
430 PRINT "THE NAME OF THE FILE IS";" ";A7$
435 PRINT
440 PRINT »A1(X)— “FREQUENCY— — — (HERT 
Z)«
445 PRINT "C1 (X)— LOGARITHM TO BASE TEN OF FREQUENCY"
450 PRINT "C2(X>—  LOGARITHM TO BASE TEN OF TOTAL IMPEDA
NCE"
455 PRINT "A6(X)— VALUES OF STANDARD RESISTORS"
460 PRINT ; PRINT
465 PRINT TAB( 8);"-A1(X)-"; TAB( 26);"-C1(X)-»; TAB( 48
);»-C2(X)“"; TAB( 22);"-A6(X)-"
470 PRINT
475 FOR X = 1 TO N
480 PRINT TAB( 8);Al(X);
485 PRINT TAB( 23);C1(X);
490 PRINT TAB( 46);C2(X);
495 PRINT TAB( 24);A6(X)
500 NEXT X
505 GOSUB 520
510 PRINT CHR$ (4);"PR#0"
515 GOTO 540
520 FOR X = 1 TO (65 - (N + 11))
525 PRINT 
530 NEXT X 
535 RETURN
540 HOME : VTAB 14; HTAB 11: INVERSE 
545 PRINT "END OF EXPERIMENT"
550 NORMAL
555 S = - 16336
560 FOR X = 1 TO 3
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565 FOR K = 1 TO 100: NEXT K
570 FOR Y = 1 TO 100
575 SOUND = PEEK (S) + PEEK (S) - PEEK (S) + PEEK (S)
- PEEK (S) - PEEK (S) - PEEK (S)
580 NEXT Y 
585 NEXT X 
590 END
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A P P E N D I X  B
CIRCUIT DIAGRAMS OF 
HARDWARE COMPONENTS
276
a p p l e  n .
EXPANSION BUS 
CONNECTOR
Figure B-l Interfacing an Apple lie to a 6520 peripheral interface 
adapter. The active-low select line of the 6520 is tied 
to ground while both active-high select lines are connected 
via an inverter to Device Select (an active-low signal 
generated by the Apple lie that enables one of its eight 
peripheral positions). (BYTE Publications Inc., JAN. 82)
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PORT A <
PORT B <
PORT A
PORT B <
APPLE n  
EXPANSION BU5 
CONNECTOR
< 4 l ]  DEVICE seuec-t
Figure B-2 Interfacing an Apple lie to a 6520 peripheral interface 
adapter. The addition of a 74LS42 decoder allows more 
than one 6520 to be addressed by a single Apple He 
expansion part. (BYTE Publications Inc., JAN. 82)
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Figure B-4 Circuit diagram of the standard resistance box. (Houses 32 resistors ranging from lOOMfi 50fi).
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